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Abstract Reduced tillage is increasingly promoted to im-
prove sustainability and productivity of agricultural systems.
Nonetheless, adoption of reduced tillage by organic farmers
has been slow due to concerns about nutrient supply, soil
structure, and weeds that may limit yields. Here, we compiled
the results from both published and unpublished research
comparing deep or shallow inversion tillage, with various cat-
egories of reduced tillage under organic management.
Shallow refers to less than 25 cm. We found that (1) division
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of reduced tillage practices into different classes with varying
degrees of intensity allowed us to assess the trade-offs be-
tween reductions in tillage intensity, crop yields, weed inci-
dence, and soil C stocks. (2) Reducing tillage intensity in
organic systems reduced crop yields by an average of 7.6 %
relative to deep inversion tillage with no significant reduction
in yield relative to shallow inversion tillage. (3) Among the
different classes of reduced tillage practice, shallow non-
inversion tillage resulted in non-significant reductions in yield
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relative to deep inversion; whereas deep non-inversion tillage
resulted in the largest yield reduction, of 11.6 %. (4) Using
inversion tillage to only a shallow depth resulted in minimal
reductions in yield, of 5.5 %, but significantly higher soil C
stocks and better weed control. This finding suggests that this
is a good option for organic farmers wanting to improve soil
quality while minimizing impacts on yields. (5) Weeds were
consistently higher, by about 50 %, when tillage intensity was
reduced, although this did not always result in reduced yields.

Keywords No-till - Organic farming - Conservation tillage -
Conservation agriculture - Meta-analysis - Crop yield -
Weeds - Soil C - Reduced tillage - Minimum tillage

1 Introduction

1.1 Current status of reduced tillage practices
in the organic sector

Reduced tillage intensity is one of the key components of
conservation agriculture systems promoted by the Food and
Agriculture Association of the United Nations to conserve,
improve, and make more efficient use of natural resources
(Food and Agriculture Organization of the United Nations
2015). The other two essential components of conservation
agriculture are maximum soil cover and diversified crop rota-
tions. Conservation agriculture practices not only reduce soil
degradation but also contribute to sustained agricultural pro-
duction, particularly in areas where soils are fragile and at risk
of declining quality (Hobbs et al. 2008).

The use of diverse crop rotations and mulching are funda-
mental concepts within organic agriculture (Lampkin and
Measures 2001); however, implementation of reduced tillage
practices is less commonly accepted. Barberi (2006) explains
that tillage is important in organic agriculture for a number of
reasons including incorporation of organic residues into the
soil to facilitate more rapid mineralization and release of nu-
trients to the crop. Biomass incorporation into the soil may
also reduce some soilborne pest and pathogen loads (Liebman
and Davis 2000). One of the most important roles of tillage in
organic systems is for the control of weed populations (Peigné
etal. 2007). Although weed control without herbicides is pos-
sible, there are challenges when combining organic practices
with reductions in tillage intensity, and frequently crop yields
are compromised.

The real and perceived challenges of reducing or eliminat-
ing tillage within organic systems has led to slower adoption
of reduced and no-till in the organic community in Europe
compared with the conventional sector (Mader and Berner
2012). There are no precise figures available on numbers of
organic farmers practicing conservation agriculture in Europe;
however, numbers are expected to be very low. A survey in
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Germany found that only 6 % of the sample group (367 arable
organic farmers) tilled the soil without a plough and that 22 %
were using shallow (less than 15 cm) tillage (Fig. 1; Wilhelm
et al. 2011). Furthermore, a recent targeted survey in Europe
identified organic farmers practicing components of conserva-
tion agriculture and indicated a broad diversity of reduced
tillage practices among this group (Peigné et al. 2015).
Eighty-nine percent of surveyed organic farmers practicing
conservation agriculture used some form of reduced tillage
defined as any tillage shallower than the standard convention-
al ploughing practice and/or a non-inversion method, but only
27 % of the organic farmers practicing conservation agricul-
ture used no-till. The survey highlighted the challenges in
weed management with reduced tillage, and also the need
for deep tillage at some phases of the rotation to incorporate
green manures and ley crops.

As highlighted by Mader and Berner (2012), since the
1990s, several important experiments were established in
Europe to investigate the use of reduced tillage systems under
organic practices. In addition, results from some studies in the
Mediterranean region (e.g., Bilalis et al. 2012b) and North
America (e.g., Luna et al. 2012) have recently been published.
In this study, we compiled results of published data, as well as
raw data obtained from collaborators in Europe and North
America, to allow a comprehensive meta-analysis of experi-
mental data on the use of reduced tillage in organic farming
systems.

1.2 Study objectives

The study was undertaken with the overall aim to identify
optimal management practices for successful implementation
of reduced tillage in organic farming systems. Note that “suc-
cessful implementation” implies maximum yields, minimum
weed incidence, and maximum SOC stocks.

The following specific questions were addressed in the
meta-analysis:

1. What is the magnitude of the effect of reduced tillage
intensity on crop yields in organic systems?

2. Isthis effect consistent across all environments (soil types
and climatic zones)?

3. Are there certain management practices that can be used
to enhance production under reduced tillage intensity in
organic systems, i.e., crop rotation, crop choice (current
and previous year), use of mechanical weeding?

4. Are the impacts of reduced tillage on yield in organic
systems stable over time?

5. Is it really weed incidence that is causing yield reduc-
tions? Or could there be other factors?

6. Does using reduced tillage intensity in organic systems
increase soil organic C above the levels already achieved
by organic practice?
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Fig. 1 Implements commonly
used by organic farmers
practicing conservation
agriculture in Europe: a
Researchers at the Research
Institute of Organic Agriculture in
Switzerland examining a chisel
plough with stern (star) roller. b A
roller crimper used for destroying
cover crops and leys in organic
no-till systems

2 Reduced tillage in organic systems
2.1 Impact on crop yields

Reducing tillage intensity in conventional farming systems
can impact crop yields although the direction and magnitude
of this effect varies with climate, crop rotation, and soil type
(Soane et al. 2012). A 2010 meta-regression study found an
overall yield reduction across conventional cropping systems
using conservation tillage in Europe of 4.5 % (Van den Putte
et al. 2010). More recently, Pittelkow et al. (2014) concluded
that implementing no-till practices without the other two cor-
nerstones of conservation agriculture (residue retention and
crop rotation) resulted in yield reductions across all climates
of ~10 %, although gains in yield of almost 10 % were
achieved when no-till was combined with residue retention

and crop rotation in dry climates. Implementing reduced till-
age methods in organic farming may be more challenging due
to issues with delayed and limited mineralization of nutrients
from organic matter which cannot be addressed by inputs of
synthetic fertilizers, as well as increased pressure from weeds
(Peigné et al. 2007).

It is particularly important that the yield implications of
reducing tillage in organic systems are quantified, since crop
yields under organic management for many crops may already
be significantly lower than conventional. Meta-analyses by
Seufert et al. (2012) and Ponisio et al. (2015) indicated that
yields of organic cereals were from 19 to 26 % lower than
conventional. However, these authors highlighted the poten-
tial to minimize this yield gap by using multicropping and
diverse rotations. It is essential that the implementation of
reduced tillage in organic systems does not further limit
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yields; therefore, environments and management practices
that allow organic yields to be maintained or increased under
reduced tillage need to be identified.

2.2 Impact on weeds

Reduced tillage concentrates weed seeds in surface soil layers
and creates increased opportunities for germination and emer-
gence, leading to increases in weed abundance (Légére et al.
2011). As a consequence, direct weed control methods such as
mechanical weeding in organic systems, need to be particular-
ly effective to prevent a progressive buildup of the weed
seedbank and increased weed infestation in the long term
(Melander et al. 2013). This problem is exacerbated in organic
farming, where use of synthetic herbicides is forbidden.

As an alternative to herbicides, organic farmers rely on
mechanical methods as well as well-planned and diversified
crop rotations to keep weeds under reasonable control
(Amossé et al. 2013). Diversification of the crop rotation
and appropriate timing of management interventions creates
a sequence of ecological disturbances which impedes (i) com-
pletion of the life cycle for the vast majority of weed species
and (ii) selection of “crop mimics,” i.e., weed species well
adapted to the prevailing disturbance regime (Barberi 2002).
Limiting tillage in organic reduced tillage systems makes
weed control still more challenging. Researchers at the
Rodale Institute in Pennsylvania and the USDA in
Beltsville, MD, have been addressing this problem by devel-
oping systems for organic farmers that combine reduced till-
age with weed suppressive cover crops, mulches, or associat-
ed crops. These systems can be effective at limiting annual
weed growth in the subsequent crop; however, control of pe-
rennial weeds remains a challenge (Mirsky et al. 2012).
Researchers in the American Midwest are also developing
systems that use weed suppressing cover crops which are
destroyed in a timely fashion by a roller crimper or sickle
bar mower; in some cases, a preceding cover crop of rye can
result in almost complete elimination of weeds in the subse-
quent crop (Silva 2014).

The problem of perennial weeds in organic no-till systems
may result from a dramatic shift in weed community compo-
sition so that relative abundance of grasses, wind-
disseminated annuals, biennials, and perennials becomes pro-
gressively higher in a short time (Barberi and Lo Cascio
2001). The lack of severe soil disturbance allows the second-
ary succession of in-field vegetation to go beyond the initial
stage characterised by annuals (Zanin et al. 1997). This was
observed by Armengot et al. (2015) who reported a trend
toward higher populations of perennial weeds over time in a
long-term organic reduced tillage experiment. These ongoing
problems have led to the adoption of hybrid systems where
no-till is used for selected annual crops in the cropping se-
quence, e.g., spring crops like soya bean and corn, with
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reduced tillage during other crop phases across a rotation
(Carr et al. 2013).

2.3 Impact on soil C stocks

The increase in surface soil C concentrations under no-till has
been well documented (West and Post 2002); however, evi-
dence for increases in the quantity of C stored (C stocks) in
soils under no-till has been less consistent. Depth of sampling
is crucial with studies where sampling is done to a shallower
depth more likely to detect an increase in stocks under no-till
(e.g., Angers and Eriksen-Hamel 2008), while deeper sam-
pling usually results in few differences compared to full inver-
sion tillage (Baker et al. 2007). Soil C can become stratified
under no-till with concentrations higher than conventional till-
age in the top soil layer, but lower concentrations at deeper
depths, resulting in no net difference in stocks (Luo et al.
2010).

Organic farming practices have also been shown to in-
crease soil C concentrations (Gattinger et al. 2012) which is
attributed to the higher rates of C inputs in organic systems
from ley crops and manure/compost inputs. It is therefore
possible that merging both farming approaches into organic
reduced tillage systems could result in further enhancement of
surface soil C concentrations and potentially soil C stocks as
well. There have been few studies on organic reduced tillage
systems, but Méder and Berner (2012) showed that the use of
reduced tillage in organic farming systems compared to con-
ventional tillage further enhanced soil quality indicators such
as organic carbon, microbial activity, and soil structure in the
uppermost soil layer. In general, greatest differences were ob-
served when comparing conventional plough treatments (full
inversion) with shallow non-inverting cultivation. Enhanced
soil microbial activity within organic reduced or no-till sys-
tems is particularly important because it can contribute to im-
proved nutrient uptake by arbuscular mycorrhizal fungi (Khl
et al. 2014) and a more efficient cycling of nutrients (Bender
and Van Der Heijden 2014). This enhancement of soil biolog-
ical activity under organic reduced tillage systems may be one
strategy to improve crop nutrient supply and ultimately yields,
within organic systems.

3 Material and methods

Data used in the analysis was sourced from raw field trial data
from experiments where tillage intensity was reduced under
organic management. In addition, published data from re-
duced intensity tillage trials in organic systems from both
refereed and non-refereed sources was used. In all cases, data
was double checked to ensure that raw data used in the anal-
ysis was not duplicating published results. Where both raw
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and published results from the same experiment existed, the
raw data was used in the analysis.

3.1 Sourcing and compilation of raw field trial data

Previously unpublished data from a total of 15 field trials was
provided by partners and associates of the TILMAN-ORG
project (www.tilman-org.net) (Table 1). Trial managers were
provided with a spreadsheet for entering the details of the field
trials including site information, experimental design, trial
management, and annual results for key response variables.
Values for response variables were provided as means for each
treatment and information on the number of replications (N)
and variability of the mean (standard error or standard devia-
tion) were recorded. Data on crop yields, soil C, and weeds
were compiled. Yield data was compiled as marketable yields,
or total yields when marketable yield data was not available.
Soil C values were recorded as stocks in g m 2. Where soil C
was provided as a concentration and bulk densities were
available, stocks were calculated by multiplying the C
concentration by the bulk density and sampling depth. If soil
C was only provided as a concentration, stocks were
calculated using the pedotransfer function for bulk density
reported by Gattinger et al. (2012) and the value was convert-
ed to a stock as described above. C stock comparisons be-
tween each paired control and experimental treatment were
always based on the same sampling depth. Sampling depths
ranged from 0-15 to 0-35 cm. If stocks or concentrations for
more than one layer were reported (e.g., 0—15 and 15-30 cm),
then the stocks for each layer were calculated and summed to a
uniform depth.

Weed data were also compiled. Each study did not use the
same measure of weed pressure with three different possible
measurement units identified: biomass (g m 2), cover (%), or
density (# m ). We selected data based on just one of these
units from a given experiment, using biomass where available
as the best measure of weed pressure, followed by density and
cover if biomass data was not available. Initially, weed data
were divided into four different plant types: annual monocots,
annual dicots, perennial monocots, and perennial dicots. To
allow comparison of the weed data across experiments, values
for each of the different plant types for a given measurement
unit were summed to create a new response variable: weed
incidence.

For crop yields and weed data the effect size was cal-
culated as the ratio between the experimental and control
treatments. This resulted in an effect size that was stan-
dardized and unitless; therefore, it was not necessary to
have the same units of measurement when combining data
from different experiments. This allowed inclusion of data
reported using any of the three weed measurement units
used in the experimental studies. For the soil C data, since
all measurements were in the same units (g m 2) the effect

size was calculated as the mean difference. This allowed
presentation of the effect in actual units of mass per area.

Data from all the experimental years available were includ-
ed in the dataset.

3.2 Published data sourcing and selection

A literature survey of peer-reviewed published literature
in the ISI-Web of Science and CAB Abstracts (Ovid) be-
tween 1910 and 2013 was conducted to identify papers
reporting results from studies using reduced tillage in or-
ganic farming. The following search terms and their var-
iations were used in various combinations: reduced/mini-
mum/shallow/chisel, tillage/ploughing/plowing, intensity,
no-till/direct seeding, organic/ecological, farming/sys-
tems/agriculture/management. The initial search provided
around 180 papers published from 1986 to 2013 in scien-
tific journals from the Web of Science. More relevant
papers were found by searching through the reference lists
of papers already selected for the meta-analysis and rec-
ommendations of experts in tillage research. We also ex-
tracted data from non-peer reviewed sources for the anal-
ysis. Field trials that were possibly relevant for the meta-
analysis were found via webpages (http://www.orgprints.
org/) dedicated to research in organic agriculture as well
as recommendations of tillage researchers. These sources
were provided by the study authors who submitted theses
and reports, often in their native language, for inclusion in
the analysis.

All studies were scrutinized and only included if they
met the following selection criteria: (i) experiment under
organic management for at least 3 years prior to the date
of response measurement; (ii) at least two levels of tillage
intensity included as a treatment; (iii) no “mixing” of
treatments, i.e., only tillage varied between experimental
treatments; and (iv) included climatic zones found in
Europe (Table 2). This screening process resulted in 26
published studies being identified (20 peer reviewed and 6
non-peer reviewed; see Table 1).

Details on the field trials identified from published sources,
and the values of the response variables were entered into the
same database used to compile the raw data from trials as
explained in Sect. 3.1.

3.3 Characterization of the data

We assigned the tillage treatment factor in each experi-
ment to a class based on the level of tillage intensity.
The six tillage classes in order of decreasing intensity
were as follows: deep inversion (greater than or equal to
25 cm depth), double-layer ploughing (inversion of the
soil to a depth of ~I5 cm and loosening to ~30 cm
(Gruber and Claupein 2009; Vakali et al. 2011), shallow
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inversion (less than 25 cm depth), non-inversion (10-25
cm depth), non-inversion (less than 10 cm depth), and no-
till (Fig. 2). We also collected information from the field
trials and selected published data to further describe the
environmental and management factors for each study.
Environmental variables included as factors were soil
type and climate defined in nine climatic zones as
described in Quemada et al. (2013) (Table 2). Soil types
were grouped into three categories according to USDA
texture classes (Soil Survey Division Staff 1993): heavy,
which included all soils with a clay content greater than
40 % (sandy clay, silty clay, clay); light, which included
all soils with less than 40 % clay and greater than 50 %
sand (sand, loamy sand, sandy loam, sandy clay loam);
and loamy, which included all other soils (silt, silty loam,
medium loam, clay loam, silty clay loam). Management
factors included in the analysis were crop rotation class,
mechanical weeding class, and main crop and previous
crop class (Table 2). Crop rotations were assigned to

Deep inversion
(225 cm)

Double-layer ploughing

Shallow inversion

(<25 cm) «

| I |

Non-inversion
(10-25 cm)

Non-inversion
(<10 cm)

Fig. 2 Hierarchy of tillage intensities used to classify experimental
treatments. Treatments within the box outlined in a solid line were part
of the first set; the connecting arrow indicates the control treatment for
this set. Treatments within the box outlined in a dashed line were part of
the second set; the connecting dashed arrow indicates the control
treatment for this set

one of four types: intensive arable (i.e., no ley crops);
arable with ley periods; intensive horticulture (i.e., no
ley crops); horticulture with ley periods. For the purposes
of this study, we defined a ley period as a full season of a
soil building crop such as grass/clover. Crops grown for
soil building purposes for less than a year were consid-
ered green manures. Main crops and previous crops were
divided into three classes: combinable crops (e.g., winter
and spring grains, maize, legumes); non-combinable crops
(e.g., leaf vegetables and root vegetables including pota-
toes); cover crops/leys (as described above).

3.4 Data analysis

Many of the published studies did not provide an estimate of
variance which meant it was not possible to use a weighted
meta-analysis approach for this analysis; therefore, results for
unweighted analyses only are presented in this paper. Data
were analyzed using unweighted meta-analysis techniques in
the R statistical software package (www.r-project.org; R
Development Core Team 2011). An observation pair
consisted of a data point for a designated control treatment
and a data point for an experimental treatment, for each
experimental year, crop, and fertilization management. Two
preliminary subsets of data were identified. The first set
included all experiments with deep inversion tillage (greater
than or equal to 25 cm depth) as a treatment. For this set, deep
inversion tillage was designated as the control treatment and
all other treatments were compared with this control. A second
set of data included all experiments with shallow inversion
tillage (less than 25 cm; as shown in Armengot et al. 2015
Fig. 1b) as a treatment but without a deep inversion treatment.
For the second set, shallow inversion tillage was designated as
the control treatment and all other treatments were compared
with this control. Double-layer ploughing was classified as
intermediate in intensity between deep inversion and shallow
inversion. Only five experiments included double-layer
ploughing as a treatment, and these were all part of the first
set of data that also included deep inversion as a control. It
should be noted that 5 out of the 41 experiments were included
in both sets of data, if they included deep inversion and shal-
low inversion, as well as other tillage treatments. This was the
case for the OAFEG (Giessen, Germany), Kerguehennec
(Bretagne, France), and Thil (ISARA, France) trials as well
as for experiments in Germany reported by Koch and Gaberle
(2010) and Gruber and Claupein (2009).

The effect size for each yield and weed incidence observa-
tion pair was calculated as the response ratio (r= Xe/Xc),
where Xe is the experimental treatment mean and Xc is the
control mean of each variable. For the soil C data, since all
measurements were in the same units (g m >), the effect size
was calculated as the mean difference (MD = Xe— Xc).
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Table 2 Environmental and crop

management factors and classes Factor

Classes

within each factor for the raw trial

data and selected published data Soil type (USDA texture class)

European climate zone (Koppen climate class)

Crop rotation class

Mechanical weeding (per growing season)

Crop/previous crop classes

Legume or grass/legume mixture grown for

>12 months

<12 months legume cover crop primarily for

soil protection/improvement

<12 months cover crop primarily for soil

protection/improvement

Annual cash crop of vegetable where above

ground parts are marketed

Annual cash crop of vegetable where below

ground parts are marketed

Barley, wheat, rye, oats, spelt sown in the

autumn

Barley, wheat, rye, oats, spelt sown in the spring

or summer
Annual cash crop of legume

Grain or silage maize or sorghum

Clay, clay loam, loam, loamy sand, sandy clay loam, sandy
loam, silt loam, silty clay loam®

Mediterranean (Csa, Csb), humid subtropical (Cwa, Cwb, Cfa),
humid oceanic (Cfb), humid continental (Dfa, Dfb, Dwb)*

Arable with ley periods, intensive arable (no ley crops),
intensive horticulture (no ley crops)

None, once, 2—4 times, 5 or more times

Legume ley

Legume cover crop

Non-legume cover crop

Leaf vegetable

Root vegetable

Winter small-grain cereal/oilseed
Spring small-grain cereal/oilseed

Peas/beans

Maize/sorghum

* As used in Quemada et al. (2013)

® As described in Soil Survey Division Staff (1993)

The outliers among response ratios were rejected using a
robust statistical method in which a “Tukey fence” was
established and all values outside the interquartile range were
considered as outliers (Hoaglin et al. 2000). The range was cal-
culated from Q; — kx IQR to O3+ k* IOR, where Q; is the low-
er quartile point, O is upper quartile point, /OR is the interquar-
tile range (Os-0)), and k is a non-negative constant (here 1.5).

The significance of effect sizes was tested using linear mixed
effects models in the “Ime4” package in R with random effects
specified as experiment/year. The fixed effects of tillage class or
climate were tested using this model. The effect of tillage class
within a given soil type or crop class was tested after first
subsetting the data by soil type or crop class and then using a
mixed effects model as described above. For all analyses, least-
square means and confidence intervals were generated using the
“Ismeans” package in R. Means were considered significantly
different from zero if the 95 % CI did not overlap zero, and
different from one another if their 95 % Cls were non-
overlapping (Hedges et al. 1999). The results of each mean ratio
(r) were expressed as % effect size (), where e= (r—1) x 100.

To investigate the relationship between weed incidence and
crop yields, we modeled the relationship between crop yield
response ratio and weed response ratio using linear regression
in the “ggplot2” package in R. This fits a straight line through
the set of n points to minimize the sum of squared residuals of

INRA
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the model (that is, vertical distances between the points of the
data set and the fitted line).

4 Results and discussion

4.1 Crop yield effects of reduced tillage intensity in organic
systems

We found that on average across all environments and manage-
ment practices yields were 7.6 % lower when tillage intensity
was reduced in organic systems compared to deep inversion
tillage (total 873 observation pairs from 21 studies; Fig. 3a).
This is greater than the 2.8 % average yield reduction reported
for conventional reduced tillage systems in Europe (Van den
Putte et al. 2010). We expected to see yield reductions from
reduced tillage in organic systems, as reported by Mader and
Berner (2012) in their review of European research; however,
the effects were not obviously related to our classification of
tillage intensity. When we considered the various classes of
reduced tillage compared to deep inversion (Fig. 3a), we found
that the reductions in yield for both double-layer ploughing
(7 %) and shallow inversion tillage (5.5 %) were relatively small
and for shallow non-inversion tillage the reduction of 3 % was
non-significant. Although the tillage methods in Fig. 3a are
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Fig. 3 Overall effect on crop
yields of reduced tillage and effect
of each tillage method relative to
a deep inversion tillage and b
shallow inversion tillage. Mean
values and 95 % confidence
intervals of the back-transformed
response ratios are shown.
Sample sizes (i.e., the number of
control-treatment pairs)/number
of experiments are shown on the
right of the confidence intervals

All tillage systems 1
Double-layer ploughing -
Shallow inversion (<25 cm) -
Non-inversion (10-25 cm) -
Non-inversion (<10 cm) -
No-till -

All tillage systems -
Non-inversion (10-25 cm) -
Non-inversion (<10 cm) -
No-till 4

arranged in order of declining intensity from top (double-layer)
to bottom (no-till), there is no clear trend of increasing yield
reductions with reductions in tillage intensity. Surprisingly,
deeper non-inversion tillage (10-25 cm) resulted in a significant-
ly greater reduction in yield (11.6 %) relative to deep inversion
tillage than shallow non-inversion (less than 10 cm) which did
not significantly reduce yield. This contradicts the results of the
meta-regression carried out by Van den Putte et al. (2010) who
concluded that yields were higher when tillage depth was in-
creased in non-inversion systems. Soil type may be influencing
the results in our study. Closer inspection of the dataset indicated
that the six studies included in the shallow non-inversion set
represented only soils with loam or sandy loam textures. The
deep non-inversion set included soils with a higher clay content,
e.g., sandy clay loam, silty clay loam, and silt loam soils, as well
as loam and sandy loam. Arvidsson et al. (2013) carried out a
detailed study on the impacts of tillage depth in non-inversion
systems in Sweden and found a slight negative correlation be-
tween crop yield and clay content. This was attributed to chang-
es in soil structure at depth in deep non-inversion tillage systems,
which disturbed transport of water and nutrients. In our study,
this impact may also account for the large yield reductions for
deep non-inversion tillage relative to shallow non-inversion.

For the second subset of data where shallow inversion
tillage was the control treatment, yiclds on average were
4.2 % lower when tillage intensity was reduced, but this
difference was not significant (total 206 observation pairs
from 14 studies; Fig. 3b). In spite of the relatively large
number of observation pairs and studies included, confi-
dence intervals for this subset were still large and do not
allow any firm conclusions to be drawn.

O~ (873/21) _vsdeep| @
(1:00/6) nversion
—O—1 (106/7)
—0—(365/14)
—O—4 (295/6)
¢ O —i (7/2)
-20 -10 0 10 20 30
Change in yield (%) #95% ClI
o ioee) e shalow|®
' (119/9) inversion
I—O—:—I
O———(61/6)
O—(26/4)
-20 -10 0 10 20 30

Change in yield (%) ¥95% ClI

4.2 Influence of climate and soil type on yields in organic
reduced intensity tillage systems

It has been suggested that the success of reduced intensity tillage
systems in organic farming is largely dependent on local envi-
ronmental conditions, including climate and soil type (Vian et al.
2009; Krauss et al. 2010). To investigate this, we conducted
separate analyses of yield effects for each climate and soil class.

Figure 4a shows the overall effect of each climate class
when tillage intensity is reduced relative to deep inversion.
The dataset was primarily comprised of experiments from
the humid continental zone; therefore, the yield reduction for
this climate class (8 %) is similar to the yield reduction for the
whole dataset. For the three studies that were conducted in the
humid oceanic climate there is a less than one percent reduc-
tion in yield, while results from the Mediterranean zone show
large yield reductions, although these represent only two stud-
ies (Luna 2003 and Madden et al. 2004) so should not be
considered as broadly representative of tillage effects on
yields in this climate zone.

As noted in the first analysis, there are no significant effects
of reduced tillage intensity in the subset of data where shallow
inversion tillage is used as the control (Fig. 4b). The trend to-
ward increases in yield in the Mediterranean climate zone is
interesting and deserves further investigation. In these regions,
reducing tillage intensity may increase the amount of crop res-
idues on the soil surface which improves soil and water conser-
vation and enhances crop yields (Soane et al. 2012). This is a
benefit frequently ascribed to conservation agriculture systems
under conventional management, and it is reasonable to assume
that improvements in soil water relations under organic

IN?A @ Springer
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Fig. 4 Overall effect of reduced
tillage and effect of each climate
class on yields relative to a deep
inversion tillage and b shallow
inversion tillage. Mean values and

All climatic zones A
Humid oceanic A
Humid continental A

95 % confidence intervals of the Mediterranean -

back-transformed response ratios
are shown. Sample sizes (i.e., the
number of control-treatment
pairs)/number of experiments are
shown on the right of the

confidence intervals All climatic zones -

Humid continental -
Humid oceanic A
Mediterranean -

management also occur. Further experiments on reduced tillage
intensity in organic systems in the Mediterranean are needed to
allow a more robust meta-analysis of the factors influencing
crop yield in organic reduced tillage systems in this
environment.

The impact of soil type on yields where tillage intensity was
reduced relative to deep inversion was similar for the loamy soil
group (—8 %; Fig. 5a) and the light soil group (—6 %; Fig. 5b).
For the loamy soils, in this subset of data, there was some var-
iation in the yield effect depending on the tillage class: double-
layer ploughing, shallow inversion, and deep non-inversion till-
age all significantly reduced yield, while the shallow non-
inversion class of tillage did not result in any yield reduction.

Fig. 5 Overall effect of reduced
tillage and effect of each tillage
method on yields relative to deep
inversion for a loam and b light
soil types. Mean values and 95 %
confidence intervals of the back-
transformed response ratios are
shown. Sample sizes (i.e., the
number of control-treatment
pairs)/number of experiments are
shown on the right of the
confidence intervals

All tillage systems -
Double-layer ploughing 1
Shallow inversion (<25 cm) 1
Non-inversion (10-25 cm) -
Non-inversion (<10 cm) A
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All tillage systems -
Double-layer ploughing -
Shallow inversion (<25 cm) -
Non-inversion (10-25 cm) A
Non-inversion (<10 cm) -
No-till 1
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On the light soils, there was a trend toward yield reductions
when either depth of non-inversion tillage was used. Van den
Putte et al. (2010) also found the greatest yield reductions in
no-till and reduced tillage systems on sandy soils. This may at
first seem counterintuitive, but it is related to the challenge of
building good soil structure in light, sandy soils. These soils
lack the fine particles necessary to form the organo-mineral
complexes that are the building blocks of soil aggregates
(Bronick and Lal 2005), and are not de-compacted naturally
by the climate since they have no shrinkage and swelling
effects. Earthworm populations are also significantly lower
in soils with a sandy texture (Lapied et al. 2009), so they lack
these “ecosystem engineers” to build soil structure. These

—0—1 (795/14) loamy soil| @

—O0— (97/5)
—O0— (5?6/5)
—0—i (320/7)
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factors mean that without regular tillage, light soils can slump
and become compacted compared to loamy or clayey soils.

Relative to shallow inversion, there was a significant re-
duction in yields for the 14 observation pairs from the two
experiments conducted on the light soils (17 %), but no reduc-
tion for the loamy soil group (data not shown). There was only
one study in the analysis that was conducted on heavy soils;
for this case, yields were higher by 10 % when shallow non-
inversion tillage was used rather than shallow inversion till-
age. This supports the findings from the first dataset showing
that lighter soils tend to exhibit higher yield reductions than
heavy soils, as reported in Van den Putte et al. (2010).

4.3 Impact of crop choice and rotational sequence
on success of reduced tillage intensity in organic systems

The actual crop grown had some effect on the yield reduction
relative to deep inversion tillage (Fig. 6) but no effect for the
subset where shallow inversion tillage was the control (results
not shown). Combinable crops such as wheat and maize suf-
fered the greatest average yield reductions (Fig. 6a; 8 %), and
this was particularly pronounced when deep non-inversion
tillage was used when yield reductions were 13.5 %. This
reflects the results of a Swedish study in conventional systems
where the authors compiled results for 918 experimental years

Fig. 6 Overall effect of reduced
tillage and effect of each tillage

All tillage systems -

and found significantly lower yields for winter wheat in shal-
low tillage systems as well as lower yields for sugar beet
(Arvidsson et al. 2014). They concluded that for cereals,
yields may be limited by the residues of the previous crop
which could result in difficulties with crop establishment
and increased disease pressure. In organic systems where fun-
gicides are not permitted, control of cereal fungal diseases is
usually achieved by crop rotation and incorporation of resi-
dues into the soil (Lampkin and Measures 2001). Without the
option of incorporating residues, disease pressure in organic
reduced tillage systems may be higher than conventional sys-
tems and contribute to the lower yields found in our study.

Yield reductions for non-combinable crops were 6 %
(Fig. 6b). The majority of the non-combinable crops included
in the study were root crops, either potatoes or carrots. A
closer investigation of tillage practices for these root crops
indicates that while depth of tillage may be shallower at the
primary tillage stage, in many cases (e.g., Scheyern trial),
there are several subsequent tillage operations performed in-
cluding rototilling prior to planting and ridging as many as
three times during crop growth. These practices could result
in soil conditions not unlike those in the control plots and also
reduced weed incidence, both of which could explain why
root crops do not experience as large a yield reduction as the
combinable crop category.
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—0—i (639/18)
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95 % confidence intervals of the
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pairs)/number of experiments are
shown on the right of the
confidence intervals
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In general, cover crops and leys were not affected by re-
ductions in tillage intensity (Fig. 6¢). There is some evidence
that reducing tillage intensity can benefit ley crops. For in-
stance, grass-clover leys in reduced tillage plots of the Frick
tillage trial profited in drought periods from better capillary
water supply from the ground, and produced more yield
(Krauss et al. 2010). This was remarkable, as the establish-
ment method for the ley in both the plough and the reduced
tillage systems in the Frick trial was the same, indicating a
lasting effect of tillage treatments prior to ley establishment.

In most cases, the choice of previous crop (data not shown)
did not alter the effect on subsequent crop yields; a previous
combinable crop or cover crop/ley resulted in similar average
yield reductions of ~7-8 % relative to deep inversion. This
does not confirm the widely held belief among organic
farmers that the mouldboard plough is essential for incorpo-
ration of ley crops. Without the option of killing off a grass/
legume cover with a herbicide, as commonly practiced among
the non-organic no-till community, many organic farmers rely
on deep inversion tillage to destroy the ley crop and minimize
the risk of grass becoming a weed in subsequent crops
(Lampkin and Measures 2001). In practice, this may not be
necessary or organic farmers may want to develop a “hybrid”

Fig. 7 Effect of length of

Change in yield (%) +95% CI

system of tillage where some inversion tillage is still used at
specific stages of the rotation (e.g., for incorporation of a ley
or for burying cereal residues for disease control) while other
reduced tillage options are implemented following some com-
binable or non-combinable crops. Carr et al. (2013) describe
an organic zero till (ZT) system where soil is left undisturbed
during certain phases of the rotation, and strategically tilled at
other phases, primarily to suppress weeds.

4.4 Impact of time under reduced tillage on crop yields
in organic systems

There is a common perception that yield reductions following
the adoption of reduced tillage will be ameliorated over time
(Soane et al. 2012). This has been attributed to various factors
including short-term problems with soil compaction before
soil structure has improved, reduced N availability in the short
term, and operators initially lacking practical experience
(Soane et al. 2012). To find out if this was the case in organic
systems, we plotted the effect size (% change from the control)
versus the number of years that the tillage treatment had been
implemented (Fig. 7). For both cases, there was no clear trend
toward a smaller yield effect over time. We did not have
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enough observation pairs to investigate the interaction be-
tween crop rotation and length of time that reduced tillage
had been implemented; however, Van den Putte et al. (2010)
found that for cereal only rotations the relative yield gradually
declined due to the buildup of pests and diseases. This may
also be happening in our studies. Although organic rotations
are usually characterized by a high degree of diversity and ley
periods for prevention of weeds and disease and the regener-
ation of soil fertility (Lampkin and Measures 2001), in the first
dataset (using deep inversion tillage as a control) about 20 %
of the observation pairs came from studies classified as “in-
tensive arable” with no ley periods in the rotation. The second
subset of data represented an even higher proportion of inten-
sive arable experiments with more than twice falling into this
category.

4.5 Are weeds higher under reduced tillage intensity
in organic systems?

Relative to both deep and shallow inversion tillage, reducing
tillage intensity in organic systems increases weed incidence.
This is shown in Fig. 8a where deep inversion tillage was used
as the control and 94 observation pairs were identified. For
this set of data, the overall average increase in weed incidence
was 54 % with only shallow inversion and no-tillage showing
no increase in weed incidence relative to the control; however,
the number of observation pairs for no-till is very low leading
to a high degree of uncertainty in the estimate of effect size.
Results were similar where shallow inversion tillage was the
control and 68 observation pairs were identified (Fig. 8b);
here, the overall increase in weed incidence was 56 %, with
no difference in weed incidence among the tillage classes.

There is a long-standing assumption in the organic produc-
tion sector that weed pressure will increase if tillage is re-
duced, and that this will lead to reductions in crop yields
(Méder and Berner 2012). To check if this was the case in
our study dataset, we plotted the relationship between the
mean effect size for yield and the mean effect size for weed
incidence (Fig. 9). A negative correlation between the two
parameters would imply that lower yields were associated
with higher weed incidence. This was the case when tillage
intensity was reduced relative to deep inversion for double-
layer ploughing (P=0.049) and shallow inversion (less than
25 cm) (P=0.023), but not for non-inversion at either depth.
This is interesting because the treatment with the greatest yield
reduction was deep non-inversion tillage (Fig 3a), yet the re-
lationship between weed incidence and yield was not signifi-
cant for this tillage class. In the second set of data (shallow
inversion tillage control), there was a negative correlation be-
tween weed incidence and yields only when deep non-
inversion was adopted. However, for shallow non-inversion,
this relationship was non-significant. These results suggest
that while weed incidence may be a factor contributing to
yield reductions under reduced tillage, other factors may also
be involved.

Since many of our experiments had been running for a
relatively short time (see Fig. 7), nutrient supply patterns
and soil structural conditions may have had more of an impact
on yields than weeds. Yields may be restricted due to delays or
limitations in nutrient supply as has been reported when re-
duced tillage is implemented in conventional systems (Soane
et al. 2012). This may create even more of a challenge in
organic farming where no supplemental mineral fertilizer in-
puts are allowed. Soil structural limitations, i.e., compaction in
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the short term, may also create suboptimal conditions for root
growth (Soane et al. 2012). Typically, these problems are more
prevalent in reduced tillage systems during the initial “transi-
tion” period.

In contrast, weed populations may build up over time once
reduced tillage is implemented (Armengot et al. 2015). In the
first years after transition to reduced tillage, the weeds may not
have reached the critical threshold level where they start to
restrict yields (Peigné, personal communication).
Nevertheless, our study showed a clear trend toward higher
weed incidence when tillage intensity was reduced (see
Fig. 8). Since organic farmers have few options to control
weeds once they become a problem, this trend is of particular
concern in a system where tillage is not available as a weed
control method. In organic reduced tillage systems, farmers
will have to be extra vigilant to ensure that weeds do not
become a problem and employ creative approaches including
cover crops, diverse rotations, timely mowing of problem
weeds, and integration of smother and/or allelopathic crops
to manage weed populations (Anderson 2015; Jabran et al.
2015).

4.6 Impacts of reduced tillage intensity in organic systems
on soil C stocks

A preliminary analysis of the data for both subsets of data
where soil C stocks were reported or calculated was conducted
to test if the sampling depth (0-20, 0-25, 0-30 cm and not
reported) had any effect on the size of the standard mean
difference (results not shown). This showed that sampling
depth did not affect the size of the standard mean difference
demonstrating that it was valid to pool results from studies
which measured stocks at different depths (although the same
sampling depth was used for any given observation pair).
There were a total of 184 observation pairs in the first
dataset where reduced tillage intensity was compared to deep
inversion tillage. For this set of data, all reductions in tillage
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intensity increased soil C stocks by 143 g m 2 (Fig. 10a).
There was little difference in the relative increase in C stocks
depending on the tillage class, although shallow non-inversion
(less than10 cm) did not result in a significant increase in C
stocks relative to the deep inversion control. For the second
subset of data where reduced tillage intensity was compared to
shallow inversion tillage, there was no clear increase in soil C
stocks when tillage intensity was reduced (Fig. 10b).

Gattinger et al. (2012) have already demonstrated that or-
ganic farming practices can result in enhanced soil C stocks.
On average, they report C stocks that are 198 g C m > higher
in organic systems compared with conventional in the top
15 cm. These gains were attributed to the higher rates of C
inputs in organic systems from ley crops and manure/compost
inputs. Tillage practices were not considered in their study;
therefore, these gains occurred over a range of tillage methods
with mouldboard ploughing assumed to be the most common
practice. Our study demonstrates that further gains in soil C
stocks in the topsoil can be achieved in organic farming sys-
tems by reducing tillage intensity in mouldboard plough-
based systems, something that has also been shown in numer-
ous studies in conventional systems (West and Post 2002).
This increase in topsoil stocks, which results from higher C
concentrations in topsoil, can result in improved soil physical
and biological quality, one of the key benefits of reduced
tillage systems (Angers and Eriksen-Hamel 2008). Higher C
concentrations result in a range of soil quality and ecosystem
service benefits including higher water infiltration rates, im-
proved aggregate stability, reduced erosion risk, enhanced soil
biological activity, and improved soil nutrient cycling
(FlieBbach et al. 2007).

However, gains in topsoil stocks of organic C in systems
with reduced tillage intensity do not always translate into net
gains in stocks if deeper sampling depths are included (see
Sect. 2.3). This is why scientists are increasingly cautious
about attributing climate change mitigation benefits to no-till
systems (see Powlson et al. 2014). Nevertheless, in addition to
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the soil quality and ecosystem service benefits of increased
topsoil C, reduced tillage systems also provide an indirect
greenhouse gas mitigation service through reductions in fossil
fuel energy inputs which can be 20 kg C ha ' year ' lower in
conventional systems when converting from deep inversion
tillage to no-till (Johnson et al. 2007; Reicosky and Archer
2007).

5 Conclusions

The establishment of a sustainable crop rotation is a basic
principle of organic farming (Soil Association 2014) and
one of the three cornerstones of conservation agriculture.
Maintenance of surface cover through residues and cover
cropping are also commonly used by many organic
farmers at specific stages of the rotation. However, the
adoption of minimal soil disturbance through reduced till-
age intensity has always been perceived as a major hurdle
limiting adoption of the full conservation agriculture
package in organic farming systems. The concern has
been that crop yields, which can already be lower in or-
ganic farming, may be further reduced by weed competi-
tion and delayed nutrient mineralization. This analysis has
shown that yield reductions do not always occur when
tillage is reduced in organic farming. The use of shallow
non-inversion methods resulted in no significant decline
in yields compared to deep inversion tillage. Shallow in-
version tillage also showed promise with minimal reduc-
tions in yield (~5.5 %), non-significant increases in weed
incidence, and increased soil C stocks that provide added
benefits from improvements in soil quality and ecosystem
service delivery.

Change in carbon stocks (MD g/m?) +95% CI

For all systems, the relationship between weed incidence
and crop yields was not as strong as expected, confirming that
other factors such as nutrient supply patterns and soil physical
properties may be influencing crop productivity in organic
reduced tillage systems.

A useful outcome of this research for practitioners was the
evidence showing that the double-layer plough resulted in
yields, weed incidence, and soil C stocks similar to the shal-
low inversion treatment, suggesting that there is no real ad-
vantage to the double-layer plough compared with shallow
inversion. Shallow inversion tillage may be a relatively easy
option for farmers to take up; although depending on soil type
and envisaged tillage depth, it may still be necessary for
farmers to invest in specialized machinery, such as a skim
plough, in order to achieve consistently shallow depths of
inversion tillage.

Concerns that weeds always limit crop yields in organic
reduced tillage or no-till systems were not confirmed by our
study. However, the ~50 % higher levels of weed incidence
when tillage was reduced relative to either deep or shallow
inversion was cause for concern. Innovative farmers and re-
searchers in Europe and North America are now working to
develop organic no-till and rotational tillage systems where
cover crops and surface residues are managed to suppress
weeds. These systems use mechanical methods of cover crop
destruction (e.g., roller crimpers; see Fig. 1b) and no-till dril-
ling equipment in place of herbicides to control weeds
(Mirsky et al. 2012). Recent developments like automatic
steering technologies for inter-row weed hoeing using a cam-
era proved the effectiveness of this practice to control weeds
and to drastically reduce labor (Kunz et al. 2015).The poten-
tial of using “complex” crop rotations to manage weeds in
organic no-till has also been demonstrated (Anderson 2015).
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In both conventional and organic systems, the use of “stra-
tegic tillage” at critical stages in the rotation to manage perni-
cious perennial weeds or control residue-borne crop diseases
may be appropriate (Dang et al. 2015); however, this should
be balanced against the negative effects on soil quality. Any
form of tillage may result in redistribution of carbon gains to
deeper depths and mineralization of labile carbon fractions.
This is a particular concern since most of the increases in soil
C concentrations in no-till systems occur in the labile fraction
which is most susceptible to mineralization when disturbed
(Powlson et al. 2014). Moreover, the stable bio-pores which
have been formed by roots and by earthworms are damaged
by deep inversion tillage. Our data suggest that temporary
shallow inversion tillage is a good compromise, as we also
observed carbon gains in this system compared to deep inver-
sion ploughing, with improved weed control relative to the
other classes of reduced tillage. By placing the ploughing
activities in dry periods, in which vertically burrowing earth-
worms move to the subsoil, negative effects on earthworms
can further be reduced.

Further research is needed to quantify the trade-offs be-
tween soil quality and crop productivity in organic reduced
tillage systems that use these strategies for weed control. A
pragmatic, rather than a dogmatic approach should be imple-
mented to design optimized site-specific systems that will al-
low the potentially additive benefits of conservation agricul-
ture practices within organic farming systems to be realized.
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