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1. About this book

The purpose of Conservation Evidence synopses

Conservation Evidence synopses do Conservation Evidence synopses do not

e Bring together scientific evidence e Include evidence on the basic ecology
captured by the Conservation Evidence of species or habitats, or threats to
project (over 5,000 studies so far) on them

the effects of interventions to conserve
biodiversity and ecosystem services

e List realistic interventions for the e Make any attempt to weight or
subject in question, regardless of how prioritize interventions according to
much evidence for their effects is their importance or the size of their
available effects

e Describe each piece of evidence, e Weight or numerically evaluate the
including methods, as clearly as evidence according to its quality

possible, allowing readers to assess the
quality of evidence

e Work in partnership with conservation e Provide recommendations for

practitioners, farm advisors, conservation problems, but instead
policymakers, and scientists to develop provide scientific information to help
the list of interventions and ensure we with decision-making

have covered the most important

literature

Who is this synopsis for?

If you are reading this, we hope you are someone who makes decisions about how to
sustainably manage agricultural landscapes. You might be a farmer, a land manager, a
conservationist in the public or private sector, a campaigner, an advisor or consultant, a
policymaker, a researcher, or someone taking action to protect your own local wildlife. Our
synopses summarize scientific evidence relevant to your conservation objectives and the
actions you could take to achieve them.

We do not aim to make your decisions for you, but to support your decision-making
by telling you what evidence there is (or isn’t) about the effects that your planned actions
could have.

When decisions have to be made with particularly important consequences, we
recommend carrying out a systematic review, as the latter is likely to be more comprehensive
than the summary of evidence presented here. Guidance on how to carry out systematic
reviews can be found from the Centre for Evidence-Based Conservation at the University of
Bangor (www.cebc.bangor.ac.uk).

10


http://www.cebc.bangor.ac.uk/

The Conservation Evidence project
The Conservation Evidence project has four parts:

(1) An online, open access journal Conservation Evidence that publishes new pieces of
research on the effects of conservation management interventions. All our papers are written
by, or in conjunction with, those who carried out the conservation work and include some
monitoring of its effects.

(2) An ever-expanding database of summaries of previously published scientific
papers, reports, reviews or systematic reviews that document the effects of interventions.

(3) Synopses of the evidence captured in parts one and two on particular species
groups, habitats, or ecosystem services. Synopses bring together the evidence for each
possible intervention. They are freely available online and available to purchase in printed
book form.

(4) What Works in Conservation is an assessment of the effectiveness of interventions
by expert panels, based on the collated evidence for each intervention for each species group,
habitat, or ecosystem service covered by our synopses.

These resources currently comprise over 5,000 pieces of evidence, all available in a
searchable database on the website (www.conservationevidence.com).

The Nature Conservancy

The Nature Conservancy works collaboratively in 69 countries on innovative protection,
management, and financing solutions to protect the lands and waters on which all life
depends. Key to achieving its mission is finding ways to protect and restore nature in human-
dominated landscapes, while meeting the challenge of feeding a growing world. This includes
incentivizing farmers and ranchers to implement practices that add value economically and
ecologically. Such practices need to have a strong basis in the best available scientific evidence
for what works for both nature and people. This synopsis of evidence was designed to meet
this need by providing guidance for the design and implementation of incentives that
promote sustainable management of farmlands in Mediterranean regions around the world.

The scope of this synopsis
This synopsis includes evidence for the effects of interventions on six targets:

(1) Crop production

(2) Soil

(3) Water

(4) Pest regulation

(5) Pollination

(6) Biodiversity conservation

Some of these targets are ecosystem services (crop production, pest regulation, pollination,
and biodiversity conservation), and some of these targets include multiple ecosystem services
(soil fertility, climate regulation through carbon storage and greenhouse gases in soils, water
availability, and water quality).
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These targets could be measured using many different metrics. With the help of our
Advisory Team (see above), we defined a list of metrics (Table 1) to set the scope for this
synopsis. These metrics are shown in bold text throughout the synopsis, and the key messages
for each intervention are grouped by metric. This synopsis only includes evidence on these
metrics.

The abundance and diversity of living organisms — biodiversity — is a relevant metric
for several of these targets (for example, soil organisms, natural enemies of crop pests, and
crop pollinators). Therefore, in the list of metrics, we defined “biodiversity conservation” as
“other biodiversity”, to differentiate it from the biodiversity that is listed as a metric for other
targets.

This synopsis only includes studies from farmland, riparian areas, and grazed areas
in California and other Mediterranean ecosystems. We used the Mediterranean Forests,
Woodlands, and Scrub biome from the Terrestrial Ecoregions of the World
(https://www.worldwildlife.org/publications/terrestrial-ecoregions-of-the-world) to define
the geographic extents of Mediterranean ecosystems around the world (Figure 1). We also
included evidence from studies anywhere in California and anywhere described as
Mediterranean by the authors of the studies.

Figure 1. Mediterranean ecosystems: the Mediterranean Forests, Woodlands, and Scrub
biome from the Terrestrial Ecoregions of the World
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Table 1. List of metrics for which evidence is summarized in this synopsis

Target Metric
Crop production Crop yield
Crop production Crop quality

Pest regulation

Pest regulation (by natural enemies; e.g., parasitism rates)

Pest regulation

Crop damage (by pests and diseases)

Pest regulation

Ratio of natural enemies to pests

Pest regulation

Pest numbers: abundance and diversity of weeds and other pests, and disease prevalence and severity

Pest regulation

Natural enemy numbers: abundance and diversity

Pollination: changes in the yield and quality of crops (including fruit set and seed set) that are attributable

Pollination to pollination

Pollination Flower visitation (by pollinators)

Pollination Pollinator numbers: abundance and diversity

Soil Organic matter: soil organic matter, including (organic) carbon

Soil Nutrients: nitrogen (N), nitrate (NOs), ammonium (NHa), phosphorus (P), phosphate (PO.), and pH

Soil Soil organisms: abundance and diversity (including microbial biomass, bacteria, fungi, nematodes,
earthworms, and mites)

Soil Soil erosion and aggregation: soil lost to wind or water, and aggregate stability

Soil Greenhouse gases (emitted from soil or measured in soil, including soil respiration): carbon dioxide (CO2),
methane (CHa4), and nitrous oxide (N20)

Water Water use (including water-use efficiency: crop yield per volume of water)

Water Water availability: soil water content, infiltration, and porosity

Water Nutrients (in water or leaching from soil): N, NOs, P, PO4

Water Pathogens and pesticides (in water or leaching from soil)

Water Sediments (in water)

Other biodiversity

Biodiversity (e.g., Birds or Plants) not reported in other targets (e.g., not pollinators, which are reported in
“Pollination”): abundance, species richness, and other diversity metrics (e.g., evenness, beta diversity)
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Table 2. List of interventions for which evidence is summarized in this synopsis, and the
Natural Resources Conservation Service (NRCS) Conservation Practices to which this evidence
could be relevant

Intervention Conservation Practice
Add compost to the soil Nutrient Management, Waste Recycling
Add manure to the soil Nutrient Management, Waste Recycling
Add sewage sludge to the soil Nutrient Management, Waste Recycling

‘é Add slurry to the soil Nutrient Management, Waste Recycling

go Use organic fertilizer instead of inorganic Nutrient Management, Waste Recycling

é Grow cover crops in arable fields Cover Crop

§ Plant or maintain ground cover in orchards or vineyards Cover Crop

-‘gv Use crop rotations Conservation Crop Rotation

§ Use no tillage in arable fields s;le:ri:::.;z;r;ililézg(jeuxznﬁﬁement: No Till, Residue and Tillage
Use no tillage instead of reduced tillage E/T;g;;liyIll?zgdeuxjﬂn?iﬁement: Mo Tl Resdue an Tilee
Use reduced tillage in arable fields Residue and Tillage Management: Reduced Till

- Plant buffer strips Filter Strip, Contour Buffer Strip

g Plant flowers Field Border, Conservation Cover

o0

é Plant hedgerows ?:;ig/:;i:vbPéa;?atik;igs,hFr;e;:tBorder, Conservation Cover,

.g Riparian Forest Buffer, Riparian Herbaceous Cover, Stream

£ Restore habitat along watercourses Habitat Improvement and Management, Critical Area Planting,

Tree/Shrub Establishment

Exclude grazers Prescribed Grazing, Fence
=
% S Use fewer grazers Prescribed Grazing
o E
‘5 §° Use grazers to manage vegetation Prescribed Grazing, Fence, Herbaceous Weed Management
2 C
- g Use rotational grazing Prescribed Grazing, Fence
Use seasonal grazing Prescribed Grazing

How we decided which interventions to include in this synopsis

We created a list of interventions, based in part on the list of “National Conservation Practice
Standards” published by the Natural Resources Conservation Service (NRCS) of the United
States Department of Agriculture (USDA NRCS: http://www.nrcs.usda.gov/wps/portal/nrcs/
main/national/technical/cp/ncps/). We modified the list based on input from other staff at
The Nature Conservancy and the Advisory Team. We then searched for published studies of
these interventions. When we found studies of interventions that were not on the list, we
added these interventions to the list. We then sorted the list into high and low priorities. We
summarized the evidence only for the interventions that were our highest priorities (Table
2).

How we reviewed the literature for this synopsis
We used four methods to search for studies to include in this synopsis:
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(1) We used keywords (Table 3) to search the Web of Knowledge database
(www.webofknowledge.com), and we read the titles and abstracts of the resulting
studies. For Searches 1-2, we used keywords related to the metrics on our list
(Table 1). For Search 3, we used keywords related to names of the NRCS
Conservation Practices on our list for which we had found few or no studies in
Searches 1-2. For Searches 4-5, we used keywords related to riparian restoration.

(2) We read the titles and abstracts of studies that were published in Agriculture,
Ecosystems & Environment, Ecological Applications, or Journal of Applied Ecology
(the top three journals recommended by our Advisory Team) in 2006—2015 or
California Agriculture in 2000-2015.

(3) We searched for “California” in annotated bibliographies about conservation
practices in agricultural landscapes in the USA. These bibliographies were
keyworded by state, and they were published by the Water Quality Information
Center, National Agricultural Library, Agricultural Research Service, USDA,
Beltsville, Maryland:

e Maderik, R.A., Gagnon, S.R., Makuch, J.R. (2006) Environmental Effects of
Conservation Practices on Grazing Lands: A Conservation Effects
Assessment Project (CEAP) Bibliography (1,303 citations)

e Maderik, R.A., Gagnon, S.R., Makuch, J.R. (2006) Wetlands in Agricultural
Landscapes: A Conservation Effects Assessment Project (CEAP)
Bibliography (1,225 citations)

e Gagnon, S.R., Makuch, J.R., Harper, C.Y. (2008) Effects of Agricultural
Conservation Practices on Fish and Wildlife, A Conservation Effects
Assessment Project (CEAP) Bibliography (2,285 citations in two volumes)

(4) We asked our Advisory Team to recommend additional studies.

The criteria for the inclusion of studies were as follows:

e There must have been an intervention that farmers or conservationists would do.
e The effects of the intervention must have been monitored quantitatively.

These criteria exclude studies of historical land-use patterns that were not the result of a
conservation intervention (for example, studies that compared biodiversity in farms that were
surrounded by semi-natural forest or deforested areas). Such studies can suggest that an
intervention could be effective (for example, conserving forest), but they cannot provide
direct evidence of a causal relationship between the intervention and the observed effect.
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Table 3. Literature searches in Web of Knowledge. We used one “Publication Name” field
with the names of all the journals agreed to by our Advisory Team (Table 4) or the name of
one journal (for example, Restoration Ecology in Search 5). We also used one “Year Published”
field. For Searches 1-5, we used up to three “Topic” fields (“Topic” includes titles, abstracts,
and keywords). All fields were joined with “AND” (for example, Publication Name AND Year
Published AND Topic 1 AND Topic 2). The “*” symbol represents any number of letters. The

“S” symbol represents one letter or no letters.

Search ;::I‘l:atlon :zzzishe d Topic 1 Topic 2 Topic 3 Results
1 [List of 2000- California* OR abundance OR biodiversity OR agricultur* OR agro- 2,227
journals] 2015 Mediterranean divers* OR evenness OR species OR ecosystem* OR
conservation OR sustainab* OR agroecosystem* OR
“ecosystem service*” OR “biological crop* OR farm* OR
control” OR “pest regulation” OR orchard* OR
“natural pest control” OR “natural vineyard* OR
enem*” OR predat* OR pollinat* OR  rangeland* OR
erosion OR soil* OR irrigat* OR meadow* OR
water pasture* OR graz*
2 [List of 1990- California* abundance OR biodiversity OR agricultur* OR agro- 188
journals] 1999 divers* OR evenness OR species OR ecosystem* OR
conservation OR sustainab* OR agroecosystem* OR
“ecosystem service*” OR “biological crop* OR farm* OR
control” OR “pest regulation” OR orchard* OR
“natural pest control” OR “natural vineyard* OR
enem*” OR predat* OR pollinat* OR  rangeland* OR
erosion OR soil* OR irrigat* OR meadow* OR
water pasture* OR graz*
3 [List of 2000- California* OR “alley cropping” OR “buffer strip*” 109
journals] 2015 Mediterranean OR “conservation cover” OR “critical
area planting” OR “field border*” OR
“field margin*” OR “filter strip*” OR
“forage harvest management” OR
“grassed waterSway*” OR “habitat
management” OR hedgeSrow* OR
“herbaceous wind barrier*” OR
“range planting” OR “riparian forest
buffer*” OR “riparian forest buffer”
OR “riparian herbaceous cover” OR
“sediment trap*” OR shelterSbelt*
OR silvoSpastur* OR stockSpond*
OR stripScrop* OR “vegetative
barrier*” OR “vegetative treatment
area” OR “wetland creation” OR
wildSflower* OR windSbreak*
4 [List of 2000- California* OR riparian OR river* OR stream* OR buffer* OR enhance* 522
journals] 2015 Mediterranean wetland OR improve* OR
manag* OR restor*
5 Restoration 1995- California* 157
Ecology 2015
6 Agriculture, 2006- 2,496
Ecosystems & 2015
Environment
7 Ecological 2006- 1,919
Applications 2015
8 Journal of 2006- 1,617
Applied 2015
Ecology
9 California 2000- 434
Agriculture 2015
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Table 4. List of journals (75 journals with alternative spellings)
“Agricultural Systems” OR “Frontiers in Ecology and the Environment”
OR “Agriculture, Ecosystems and Environment” OR “Frontiers in Ecology & the Environment”

OR “Agriculture Ecosystems and Environment” OR “Functional Ecology”

OR “Agriculture, Ecosystems & Environment”
OR “Agriculture Ecosystems & Environment”
OR “Agriculture Ecosystems Environment”
OR “Agroforestry Systems”

OR “Agronomy Journal”

OR “Animal Conservation”

OR “Annals of Botany”

OR “Annual Review of Ecology and Systematics”

OR “Annual Review of Ecology & Systematics”
OR “Annual Review of Entomology”

OR “Applied Environmental Microbiology”
OR “Applied Soil Ecology”

OR “Austral Ecology”

OR “Basic and Applied Ecology”

OR “Basic & Applied Ecology”

OR “Biocontrol”

OR “Biodiversity and Conservation”

OR “Biodiversity & Conservation”

OR “Biological Conservation”

OR “Biological Control”

OR “Biological Reviews”

OR “Biology and Fertility of Soils”

OR “Biology & Fertility of Soils”

OR “BioScience”

OR “Biotropica”

OR “California Agriculture”

OR “Conservation Biology”

OR “Conservation Letters”
OR “Crop Protection”

OR “Ecological Applications”
OR “Ecological Entomology”
OR “Ecological Indicators”
OR “Ecological Restoration”
OR “Ecology”

OR “Ecology Letters”

OR “Entomologia Experimentalis et Applicata”

OR “Environmental Conservation”
OR “Environmental Entomology”
OR “Environmental Management”

OR “European Journal of Soil Science”

OR “European Journal of Wildlife Research”

OR “Global Change Biology”

OR “Human Wildlife Interactions”

OR “Human Wildlife Conflicts”

OR “Journal for Nature Conservation”
OR “Journal of Animal Ecology”

OR “Journal of Applied Ecology”

OR “Journal of Applied Entomology”
OR “Journal of Ecology”

OR “Journal of Economic Entomology”
OR “Journal of Environmental Management”
OR “Journal of Rangeland Management”
OR “Journal of Raptor Research”

OR “Journal of Tropical Ecology”

OR “Journal of Wildlife Management”
OR “Journal of Raptor Research”

OR “Journal of Zoology”

OR “Landscape Ecology”

OR “Nature”

OR “New Zealand Journal of Zoology”
OR “Oecologia”

OR “Oikos”

OR “Oryx”

OR “Pacific Conservation Biology”

OR “Pest Management Science”

OR “Plant and Soil”

OR “PL0S One”

OR “Proceedings of the National Academy of Sciences of the

United States of America”

OR “Proceedings of the Royal Society B Biological Sciences”

OR “Rangeland Ecology and Management”
OR “Rangeland Ecology & Management”
OR “Restoration Ecology”

OR “Science”

OR “Soil and Tillage Research”

OR “Soil & Tillage Research”

OR “Soil Biology and Biochemistry”

OR “Soil Biology & Biochemistry”

OR “Soil Science Society of America Journal”
OR “Systematic Reviews”

OR “Trends in Ecology and Evolution”

OR “Trends in Ecology & Evolution”
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How we summarized the evidence

The evidence is summarized in six sections: one section for each of the six targets (crop
production, soil, water, pest regulation, pollination, and other biodiversity).

For each study, there is one summary paragraph for each combination of an
intervention and a target (for example, “Soil: Use no tillage in arable fields” or “Water: Use
no tillage in arable fields”). Thus, for each study, there could be up to six paragraphs for each
intervention: one paragraph for each of the six targets. If the effects of multiple interventions
on multiple targets were reported in a single study, then there is a separate paragraph for
each (for example, “Soil: Use no tillage in arable fields” and “Soil: Grow cover crops in arable
fields”).

For each intervention, the key messages from all summarized studies are reported as
bullet points. Each of the bullet points is one of the metrics on our list (Table 1), and the
number of summarized studies for which we found evidence for each metricis in parentheses.
For example:

e Crop yield (8 studies)

e Crop quality (0 studies)

The key messages are not intended to be a form of “vote counting” (a count of the
number of positive effects vs negative or non-significant effects for that metric), but they are
intended to be an index that directs the reader to the relevant evidence for that metric. If we
did not find evidence for a metric, the name of the metric is followed by “(0 studies)” to show
that this is a gap in the evidence.

Terminology used to describe evidence

Unlike systematic reviews of particular conservation questions, we do not quantitatively
assess the evidence or weight it according to quality within synopses. However, to allow you
to interpret evidence, we make the size and design of each trial we report clear. The table
below defines the terms that we have used to do this. The strongest evidence comes from
randomized, replicated, controlled trials with paired sites and before-and-after monitoring.

Term Meaning

Site comparison A study that considers the effects of interventions by comparing
sites that have historically had different interventions or levels of
intervention.

Replicated The intervention was repeated on more than one plot or site. In
conservation and ecology, the number of replicates is much smaller
than it would be for medical trials (when thousands of individuals
are often tested). When the replicates are plots or sites, as is often
the case with agricultural management interventions, pragmatism
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Controlled

Paired sites

Randomized

Before-and-after
trial

Review

Systematic review

Study

Taxonomy

dictates that between five and ten replicates is a reasonable
amount of replication, although more would be preferable. We
provide the number of replicates wherever possible.

Plots or sites treated with the intervention are compared with
control individuals or sites not treated with the intervention.

Sites are considered in pairs, when one was treated with the
intervention and the other was not. Pairs of sites are selected with
similar environmental conditions, such as soil type or surrounding
landscape. This approach aims to reduce environmental variation
and make it easier to detect a true effect of the intervention.

The intervention was allocated randomly to plots or sites. This
means that the initial condition is less likely to bias the outcome.

Monitoring of effects was carried out before and after the
intervention was imposed.

A conventional review of literature. Generally, these have not used
an agreed search protocol or quantitative assessments of the
evidence.

A systematic review follows an agreed set of methods for identifying
studies and carrying out a formal ‘meta-analysis’. It will weight or
evaluate studies according to the strength of evidence they offer,
based on the size of each study and the rigour of its design.
Environmental systematic reviews are available at:
www.environmentalevidence.org/index.htm

If none of the above apply, for example a study that was not
controlled.

Taxonomy has not been updated but has followed that used in the original paper. Where
possible, common names and Latin names are both given the first time each species is
mentioned within each synopsis. Latin names are not given for the crops in this synopsis.

Significant results

Throughout the synopsis we have quoted results from papers. Unless specifically stated, these
results reflect statistical tests performed on the results by the authors of these papers.
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Multiple interventions

Some studies investigated several interventions at once. When the effects of different
interventions were separated, then the results are discussed separately in the relevant
sections. When the effects of multiple interventions cannot be separated (e.g., growing cover
crops in arable fields and using no tillage), then the results are followed by “It was not clear
whether these results were a direct effect of [practice X or practice Y]”.

How you can help to change conservation practice

If you know of evidence that is not included in this synopsis, we invite you to contact us, via
our website, www.conservationevidence.com. If you have new, unpublished evidence, you
can submit a paper to the Conservation Evidence journal. We particularly welcome papers
submitted by conservation practitioners.
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2. Crops

Crop and soil management: Effects on crop production

2.1. Add compost to the soil: Crop production (8 studies)

e Cropyield (8 studies): Three replicated, controlled studies (two randomized) from ltaly#, Spain?,
and the USAS found higher crop yields in plots with added compost, compared to plots without
added compost, in some comparisons*7 or all comparisons8. Two replicated, randomized,
controlled studies from Italy® and the USA? found inconsistent differences in crop yields
(sometimes higher, sometimes lower) between plots with or without added compost. Three
replicated, randomized, controlled studies from Spain3® and the USA' found similar crop yields
in plots with or without added compost. Of two replicated, randomized, controlled studies from
Spain3?, one study3 found higher yields of barley straw in plots with added compost, compared
to plots without added compost, and one study? did not.

e Crop quality (0 studies)

¢ Implementation options (1 study): One replicated, randomized, controlled study from the USA?
found similar crop yields in plots with added compost that did or did not also have added fertilizer.

Areplicated, randomized, controlled study in 1995 in a broccoli field in the Salinas Valley,
California, USA (1), found similar broccoli yields in plots with or without added compost.
Crop yield: Similar broccoli yields were found in plots with or without added compost
(13-15 Mg/ha). Implementation options: In plots with added compost, similar broccoli
yields were found with or without added fertilizer (13-15 vs 14-15 Mg/ha). Methods:
There were four plots for each of three compost treatments (0, 22, or 44 Mg/ha).
Fertilizer (165 kg ammonium nitrate/ha) was added to half (6.1 x 7.7 m) of each plot. The
compost was made from green wastes (>30%), cow manure (>20%), spoiled hay (>15%),
clay soil (>5%), and crop processing residues. Crops were harvested and weighed on 10,
14, and 17 November 1995.

A replicated, randomized, controlled study in 1998-2000 in an irrigated vegetable
field in the Salinas Valley, California, USA (2), found inconsistent differences in crop yields
between plots with or without added compost. Crop yield: Higher lettuce yields were
found in plots with added compost, compared to plots without added compost, in one of
six comparisons (410 vs 390 g dry weight/m?), but lower lettuce yields were found in
two of six comparisons (280-390 vs 310-430). No differences in broccoli yields were
found between plots with or without added compost (620-640 vs 610-630 g dry
weight/m?2). Larger lettuce or broccoli plants were found in plots with added compost,
compared to plots without added compost, in four of eight comparisons (lettuce: 1,080-
1,150 vs 1,030-1,100 g fresh weight/plant; broccoli: 240-270 vs 210-220), but smaller
lettuces were found in two of six comparisons (750-1,050 vs 790-1,110). Methods:
There were four plots (0.52 ha), for each of four treatments (minimum tillage or
conventional tillage, with or without added organic matter). In plots with added organic
matter, compost was added two times/year, and a cover crop (Merced rye) was grown
every autumn or winter. The compost was made from municipal yard waste, salad
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packing plant waste, horse manure, clay, straw, and other compost. Lettuce or broccoli
crops were grown in raised beds. Sprinklers and drip irrigation were used in all plots.
Crops were collected in two 2 m?2 areas/plot. It was not clear whether these results were
a direct effect of adding compost or growing cover crops.

A replicated, randomized, controlled study in 2002-2005 in a barley field in Toledo,
Spain (3), found no difference in grain yields, but found higher straw yields, in barley
plots with added compost, compared to barley plots without added compost. Crop yield:
Similar grain yields were found in barley plots with or without added compost (0.7-1.9
vs 1.2-1.6 t dry weight/ha). Higher straw yields were found in barley plots with added
compost, compared to plots without added compost (3.3-3.4 vs 1.3-1.8 t dry weight/ha).
Methods: The compost was made from sewage sludge. There were four plots (10 x 3 m)
for each of four fertilizer treatments (20 or 80 t compost/ha, applied once in three years
or once/year) and one control (no fertilizer). Plots were fertilized in mid-September and
planted in mid-October. Barley plants were harvested (1 m2/plot), in June 2005.

A replicated, randomized, controlled study in 2001-2009 in an irrigated orchard in
Italy (4) found higher nectarine yields in plots with added compost, compared to plots
without added compost. Crop yield: Higher yields were found in plots with added
compost, in one of six comparisons (38 vs 26 kg/tree). Methods: There were four plots
for each of three compost treatments (5 t/ha in May, 5 t/ha split into two applications, in
May and September, or 10 t/ha split into two), and there were four control plots (no
fertilizer; plot size not reported). The compost was made from domestic organic waste
and urban pruning material (50% each). Compost was tilled into the soil (25 cm depth).
Yield was measured in the four central trees of each plot, every year.

A replicated, randomized, controlled study in 2006 in a barley field in the Henares
river basin, Spain (5), found similar barley yields in plots with or without added compost.
Crop yield: Similar barley yields were found in plots with or without added compost
(1,879 vs 1,825 kg grain and straw/ha). Methods: Composted municipal solid waste (125
kg available N/ha) was added to three treatment plots, but not to three control plots, in
January. Plots were 30 m2. Plots were cultivated (5 cm depth) to incorporate the compost
into the soil. Barley was planted in January and harvested in June.

Areplicated, randomized, controlled study in 2009-2011 on two farms in the Salerno
district, Italy (6), found higher crop yields in plots with added compost, compared to plots
without added compost, in most crop cycles. Crop yield: Higher crop yields were found
in plots with added compost, compared to plots without added compost, in 12 of 14 crop
cycles (38-39% higher), but lower yields were found in 2 of 14 crop cycles (23-25%
lower). Methods: On each of two farms, there were three plots (7 x 5 m) for each of four
treatments (30 or 60 Mg organic matter/ha/year, with a carbon-to-nitrogen ratio of 15:1
or 25:1) and there were three control plots (no organic matter). Organic matter was
added in February 2009, February 2010, and June 2011. It was made from the composted
organic fraction of municipal solid waste, and it was mixed with wood scraps to control
the carbon-to-nitrogen ratio. Between the two farms, one pepper, three melon, four
kohlrabi, and six lettuce crops (14 crop cycles) were grown in plastic tunnels. It was not
clear whether these results were a direct effect of adding composted municipal waste or
wood scraps.

A replicated, randomized, controlled study in 2013 in greenhouses in southeast
Spain (7) found higher fruit yields in tomatoes with added compost, compared to
tomatoes without added compost. Crop yield: Higher fruit yields were found in tomatoes
with added compost, compared to tomatoes without added compost, in one of four
comparisons (compost R1, with low doses of mineral fertilizer: 5.8 vs 4.2 kg fresh weight
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fruit/ha). Methods: There were four replicates for each of four treatments (50.5 t/ha of
compost R1 or 40 t/ha of compost R2, with low or medium doses of mineral fertilizer)
and two controls (low or medium doses of mineral fertilizer). Mineral fertilizer
(Hoagland’s solution) was added in two of three waterings (medium dose) or one of five
waterings (low dose). Compost R1 was made from sheep and goat manure. Compost R2
was made from alperujo (olive-mill waste), manure, and olive prunings. Ripe red fruits
were harvested each week (91- to 161-day-old plants).

A replicated, controlled study in 2014 in 29 organic vegetable fields on the Central
Coast, California, USA (8), found higher lettuce yields in plots with added compost,
compared to plots without added compost. Crop yield: Larger lettuces were found in
plots with added compost, compared to plots without added compost (65 g larger, fresh
weight). Methods: In each of 29 vegetable fields, compost was added to one plot, but not
to one adjacent plot (5 x 5 m plots), 1-2 months before lettuces were planted (25 t
compost/ha, made from cow, chicken, and green manures). Lettuces were planted in
spring (5-28 March) and summer (30 May-5 July). Lettuce weights were measured at
maturity in one 1 x 1 m quadrat/plot.

(D Stamatiadis, S., Werner, M. & Buchanan, M. (1999) Field assessment of soil quality as affected by
compost and fertilizer application in a broccoli field (San Benito County, California). Applied Soil
Ecology, 12,217-225.

(2) Jackson, L.E., Ramirez, [., Yokota, R., Fennimore, S.A., Koike, S.T., Henderson, D.M., Chaney, W.E,,
Calderdn, F.J. & Klonsky, K. (2004) On-farm assessment of organic matter and tillage
management on vegetable yield, soil, weeds, pests, and economics in California. Agriculture,
Ecosystems & Environment, 103, 443-463.

(3) Fernandez, ].M., Plaza, C., Garcia-Gil, ].C. & Polo, A. (2009) Biochemical properties and barley yield
in a semiarid Mediterranean soil amended with two kinds of sewage sludge. Applied Soil Ecology,
42,18-24.

(4) Baldi, E., Toselli, M., Marcolini, G., Quartieri, M,, Cirillo, E., Innocenti, A. & Marangoni, B. (2010)
Compost can successfully replace mineral fertilizers in the nutrient management of commercial
peach orchard. Soil Use and Management, 26, 346-353.

(5) Meijide, A., Cardenas, L.M., Sanchez-Martin, L. & Vallejo, A. (2010) Carbon dioxide and methane
fluxes from a barley field amended with organic fertilizers under Mediterranean climatic
conditions. Plant and Soil, 328, 353-367.

(6) Bonanomi, G., D’Ascoli, R,, Scotti, R., Gaglione, S.A., Caceres, M.G., Sultana, S., Scelza, R., Rao, M.A. &
Zoina, A. (2014) Soil quality recovery and crop yield enhancement by combined application of
compost and wood to vegetables grown under plastic tunnels. Agriculture, Ecosystems &
Environment, 192, 1-7.

(7) Hernandez, T., Chocano, C., Moreno, J.-L. & Garcia, C. (2014) Towards a more sustainable
fertilization: Combined use of compost and inorganic fertilization for tomato cultivation.
Agriculture, Ecosystems & Environment, 196, 178-184.

(8) Karp, D.S., Moses, R,, Gennet, S., Jones, M.S,, Joseph, S., M'Gonigle, L.K,, Ponisio, L.C., Snyder, W.E. &
Kremen, C. (2016) Agricultural practices for food safety threaten pest control services for fresh
produce. Journal of Applied Ecology, 53, 1402-1412.

2.2. Add manure to the soil: Crop production (2 studies)

e Crop yield (2 studies): One replicated, randomized, controlled study from Greece' found higher
maize yields in plots with added manure, compared to plots without added manure, in two of

23



three comparisons. One replicated, randomized, controlled study from Italy? found similar
nectarine yields in plots with or without added manure.

e Crop quality (0 studies)

A replicated, randomized, controlled study in 2002-2005 in an irrigated maize field in
Greece (1) found higher maize yields in plots with added manure, compared to plots
without added manure. Crop yield: Higher maize yields were found in plots with added
manure, compared to plots without added manure, in two of three comparisons (11-14
vs 10-12 Mg/ha). Methods: Plots (5.6 x 8 m) had liquid cow manure (80 Mg/ha/year) or
no added fertilizer (six plots each). The manure was incorporated into the soil with a disk
harrow (12-15 cm depth) within two hours of application. Grain yield was measured at
the end of October (two rows/plot, 12.8 m?).

A replicated, randomized, controlled study in 2001-2009 in an irrigated nectarine
orchard in Italy (2) found similar nectarine yields in plots with or without added manure.
Crop yield: Similar nectarine yields were found in plots with or without added manure
(33 vs 38 kg/tree). Methods: Four plots received 5-10 kg dry cow manure/ha, and four
plots received no fertilizer. The manure was tilled into the soil (25 cm depth). Yield was
measured in four trees/plot/year.

(D Lithourgidis, A.S., Matsi, T., Barbayiannis, N. & Dordas, C.A. (2007) Effect of Liquid Cattle Manure
on Corn Yield, Composition, and Soil Properties. Agronomy Journal, 99, 1041-1047.

(2) Baldj, E., Toselli, M., Marcolini, G., Quartieri, M,, Cirillo, E., Innocenti, A. & Marangoni, B. (2010)
Compost can successfully replace mineral fertilizers in the nutrient management of commercial
peach orchard. Soil Use and Management, 26, 346-353.

2.3. Add sewage sludge to the soil: Crop production (1 study)

e Crop yield (1 study): One replicated, randomized, controlled study from Spain' found higher
barley yields in plots with added sewage sludge, compared to plots without it.

e Crop quality (0 studies)

¢ Implementation options (1 study): One replicated, randomized, controlled study from Spain’
found higher barley yields in plots with low amounts of added sewage sludge, but not high
amounts, compared to plots without added sewage sludge.

Areplicated, randomized, controlled study in 2002-2005 in a barley field in Toledo, Spain
(1), found higher barley yields in plots with added sewage sludge, compared to plots
without it. Crop yield: Higher grain yields were found in plots with added sewage sludge,
compared to plots without it, in one of two comparisons (with low amounts of sewage
sludge: 2.0 vs 1.2 t/ha). Higher straw yields were found in plots with added sewage
sludge, compared to plots without it (2.7-4.2 vs 1.2 t/ha). Implementation options:
Similar grain yields were found in plots with high amounts of added sewage sludge and
plots without added sewage sludge (1.5 vs 1.2 t/ha). Methods: The sewage sludge was
thermally dried at 75°C. There were four plots (10 x 3 m) for each of four fertilizer
treatments (20 or 80 t sewage sludge/ha, applied once in three years or once/year) and
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there were four control plots (no fertilizer). Plots were fertilized in mid-September and
planted in mid-October. Barley plants were harvested (1 m?2/plot), in June 2005.

(D Fernandez, ].M., Plaza, C., Garcia-Gil, ].C. & Polo, A. (2009) Biochemical properties and barley yield
in a semiarid Mediterranean soil amended with two kinds of sewage sludge. Applied Soil Ecology,
42,18-24.

2.4. Add slurry to the soil: Crop production (6 studies)

e Cropyield (6 studies): Six replicated, randomized, controlled studies from Spain*-¢ found higher
crop Yyields in plots with added pig slurry, compared to plots without it, in some comparisons.

e Crop quality (0 studies)

¢ Implementation options (4 studies): Two replicated, randomized, controlled studies from
Spain'2 found similar crop yields in plots with digested pig slurry, compared to untreated pig
slurry. One replicated, randomized, controlled study from Spain® found lower crop yields in plots
with less pig slurry, compared to more, but anotheré found similar crop yields with different
amounts of pig slurry.

A replicated, randomized, controlled study in 2009 in a rainfed barley field in Spain (1)
found higher crop yields in plots with added slurry, compared to plots without it. Crop
yield: Higher barley yields were found in plots with added slurry, compared to plots
without it, in one of two comparisons (1,508 vs 972 kg/ha). Implementation options:
Similar barley yields were found in plots with untreated slurry or digested slurry (1,125
vs 1,508 kg/ha). Methods: Plots (30 m2) had no fertilizer or pig slurry (anaerobically-
digested or untreated), which was applied in January 2006 (125 kg N/ha; three plots for
each) and incorporated into the soil (0-5 cm depth) using a roto-cultivator. Phosphate
and potassium (75 and 40 kg/ha, respectively) were added to all plots.

A replicated, randomized, controlled study in 2006 in a barley field in the Henares
river basin, Spain (2), found higher crop yields in plots with added slurry, compared to
plots without it. Crop yield: Higher barley yields were found in plots with added slurry,
compared to plots without it, in one of two comparisons (digested slurry: 2,381 vs 1,825
kg grain and straw/ha). Implementation options: Similar barley yields were found in
plots with digested slurry or untreated slurry (2,381 vs 2,117 kg grain and straw/ha).
Methods: There were three plots (30 m?) for each of two treatments (anaerobically
digested thin fraction of pig slurry or untreated pig slurry) and there were three control
plots (no slurry). Slurry was applied at a rate of 125 kg available N/ha, in January. Plots
were cultivated (5 cm depth) to incorporate the slurry. Barley was planted in January and
harvested in June.

A replicated, randomized, controlled study in 2000-2003 in an irrigated maize field
in Spain (3) found higher crop yields in plots with added slurry, compared to plots
without it. Crop yield: Higher maize yields were found in plots with added slurry,
compared to plots without it, in two of three comparisons (7-12 vs 6-7 Mg/ha).
Methods: Plots (3.8 x 2.5 m) had added slurry (30, 60, 90, or 120 Mg/ha) or no fertilizer
(three plots for each). Maize was harvested in November each year.
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A replicated, randomized, controlled study in 2000-2005 in an irrigated barley-
maize field in Spain (4) found higher crop yields in plots with added slurry, compared to
plots without it. Crop yield: Higher yields were found in plots with added slurry,
compared to plots without it (4-6 vs 3 Mg/ha). Methods: Plots (3.8 x 2.5 m) had added
slurry (30, 60, 90, or 120 Mg/ha) or no fertilizer (three plots for each) in 2000-2003.
Phosphorus (120 kg P20s5/ha) and potassium (180 kg KCl/ha) were added to all plots in
2003 and 2004. Barley was sown in December 2003 and harvested in June 2004. Maize
was sown in July 2004 and harvested in December.

A replicated, randomized, controlled study in 2010-2013 in rainfed barley fields in
Spain (5) found higher crop yields in plots with added slurry, compared to plots without
it. Crop yield: Higher barley yields were found in plots with added slurry (4,657-5,335
vs 2,359 kg/ha). Implementation options: Lower barley yields were found in plots with
less slurry, compared to more slurry (4,657 vs 5,335 kg/ha). Methods: Plots (40 x 12 m)
had added slurry (75 or 150 kg N/ha) or no fertilizer (three plots for each). Plots had
conventional tillage (mouldboard plough: 25 cm depth; cultivator: 15 cm depth) or no
tillage. Barley was harvested in June.

A replicated, randomized, controlled study in 2003-2004 in an irrigated maize field
in Spain (6) found higher crop yields in plots with added pig slurry, compared to plots
without it. Crop yield: Higher maize yields were found in plots with added pig slurry (16—
18 vs 10 Mg/ha). Implementation options: Similar crop yields were found in plots with
different amounts of added slurry (30, 60, 90, 120 Mg/ha) (16-18 Mg/ha). Methods:
Plots (30 x 40 m) had pig slurry (30, 60, 90, or 120 Mg/ha) or no fertilizer (three plots for
each). Slurry was immediately covered after application. Lysimeters (2.6 x 2 m; 1.5 m
depth), were installed in each plot, five years before the study. Each lysimeter was drip-
irrigated, simulating flood irrigation (May to mid-September, with 7-12 intervals). Soil
samples were collected after harvest (0-120 cm depth).

(D Meijide, A., Garcia-Torres, L., Arce, A. & Vallejo, A. (2009) Nitrogen oxide emissions affected by
organic fertilization in a non-irrigated Mediterranean barley field. Agriculture, Ecosystems and
Environment, 132, 106-115.

(2) Meijide, A., Cardenas, L.M., Sdnchez-Martin, L. & Vallejo, A. (2010) Carbon dioxide and methane
fluxes from a barley field amended with organic fertilizers under Mediterranean climatic
conditions. Plant and Soil, 328, 353-367.

(3) Yagiie, M.R. & Quilez, D. (2010) Cumulative and residual effects of swine slurry and mineral
nitrogen in irrigated maize. Agronomy Journal, 102, 1682-1691.

(4) Yagtie, M.R. & Quilez, D. (2013) Residual effects of fertilization with pig slurry: Double cropping
and soil. Agronomy Journal, 105, 70-78.

(5 Plaza-Bonilla, D., Cantero-Martinez, C., Bareche, ., Arrue, ].L. & Alvaro-Fuentes, J- (2014) Soil
carbon dioxide and methane fluxes as affected by tillage and N fertilization in dryland conditions.
Plant and Soil, 381, 111-130.

(6) Yagiie, M.R. & Quilez, D. (2015) Pig slurry residual effects on maize yields and nitrate leaching: A
study in lysimeters. Agronomy Journal, 107, 278-286.

2.5. Use organic fertilizer instead of inorganic: Crop production (11
studies)

e Crop yield (11 studies)
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o Food crops (10 studies): Four replicated studies (three controlled, two randomized; one
site comparison) from Italy> and Spain21011 found higher yields in plots with organic
fertilizer, compared to inorganic fertilizer, in some comparisons. Three replicated,
randomized, controlled studies from Spain89 and the USA? found lower yields in plots
with organic fertilizer, compared to inorganic fertilizer, in some82 or all> comparisons.
Three replicated, randomized, controlled studies from Greece' and Spain*6 found similar
yields in plots with organic or inorganic fertilizer.

o Forage crops (1 study): One replicated, randomized, controlled study from Spain’ found
higher alfalfa yields in plots with organic fertilizer, compared to inorganic, in one of two
comparisons.

e Crop quality (0 studies)

A replicated, randomized, controlled study in 2002-2005 in a maize field in Greece (1)
found similar crop yields in plots with organic or inorganic fertilizer. Crop yield: Similar
maize yields were found in plots with organic or inorganic fertilizer (12-14 vs 12-13
Mg/ha). Methods: Plots (5.6 x 8 m) had organic fertilizer (liquid cow manure: 80
Mg/ha/year) or inorganic fertilizers (260 kg N ha/year and 57 kg P/ha/year) (six plots
each). Fertilizers were incorporated into the soil with a disk harrow (12-15 cm depth)
within two hours of application. Grain yield was measured in two rows (12.8 m?) in each
plot, at the end of October.

A replicated, randomized, controlled study in 2002-2005 in a barley field in Toledo,
Spain (2), found higher grain and straw yields in plots with organic fertilizer, compared
to inorganic fertilizer. Crop yield: Higher grain yields were found in plots with organic
fertilizer, compared to inorganic fertilizer, in two of eight comparisons (with 20 t
thermally dried sewage sludge/ha/year: 2.0 vs 1.6 t/ha; with 80 t composted sewage
sludge/ha once in three years: 2.8 vs 1.6 t/ha), and higher straw yields were found in six
of eight comparisons (2.7-4.2 vs 1.8 t/ha). Methods: There were four plots (10 x 3 m) for
each of eight organic fertilizers (20 or 80 t thermally dried sewage sludge/ha, applied
once in three years or once/year; 20 or 80 t composted sewage sludge/ha, applied once
in three years or once/year) and one mineral fertilizer (15-15-15 NPK: 400 kg/ha/year).
Plots were fertilized in mid-September and planted in mid-October. Barley was harvested
in June 2005 (1 m?/plot).

A replicated, randomized, controlled study in 2003-2004 in three maize-tomato
fields near Davis, California, USA (3), found lower crop yields in organically-fertilized
plots, compared to inorganically-fertilized plots. Crop yield: Lower maize yields were
found in organically-fertilized plots, compared to inorganically-fertilized plots (4.1-6.7
vs 9.3-13.6 Mg grain/ha). Methods: Organic or inorganic fertilizer was used on six plots
each (1.5 x 1.0 m plots). Urea was added to inorganically-fertilized plots (April: 60 kg
N/ha; May: 200 kg N/ha). On organically-fertilized plots, inorganic fertilizer was
replaced, every other year, with the residues of legume cover crops (100 kg N/ha). Maize
was sown at different times (organically-fertilized plots: March; inorganically-fertilized
plots: May), and different amounts of nitrogen were applied. It was not clear whether
these results were direct effects of differences in the type of fertilizer (organic or
inorganic), the amount of fertilizer, or the planting date.

A replicated, randomized, controlled study in 2009 in a rainfed barley field in Spain
(4) found similar crop yields in plots with organic or inorganic fertilizer. Crop yield:
Similar crop yields were found in plots with organic or inorganic fertilizer (1,032-1,508
vs 1,061 kg/ha). Methods: Plots (30 m2) had no fertilizer, organic fertilizer (pig slurry,
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anaerobically-digested pig slurry, municipal solid waste, or composted crop residue with
sludge), or inorganic fertilizer (urea), which was applied in January 2006 (125 kg N/ha;
three plots for each fertilizer) and incorporated into the soil (0-5 cm depth) using a roto-
cultivator. Phosphate and potassium (75 and 40 kg/ha, respectively) were added to all
plots.

A replicated, randomized, controlled study in 2001-2009 in an irrigated nectarine
orchard in Italy (5) found higher yield in plots with organic fertilizer added compared to
inorganic fertilizers added. Crop yield: Higher nectarine yields were found in plots with
organic fertilizer, compared to inorganic fertilizer, in one of eight comparisons (38 vs 28
kg/tree). Implementation options: Higher nectarine yields were found in plots with
compost, compared to manure, in one of six comparisons (39 vs 33 kg/tree). Methods:
There were four plots for each of four organic-fertilizer treatments (5 t compost/ha in
May; 5 t/ha split into two applications, in May and September; 10 t/ha split into two; or
5-10 kg dry cow manure/ha), and there were four plots for inorganic fertilizer (70-130
kg N/ha, 100 kg P/ha, 200 kg K/ha; plot size not reported). The compost was made from
domestic organic waste and urban pruning material (50% each). Fertilizers were tilled
into the soil (25 cm depth).

A replicated, randomized, controlled study in 2006 in a barley field in the Henares
river basin, Spain (6), found similar crop yield in plots with organic or inorganic fertilizer.
Crop yield: Similar barley yields were found in plots with organic or inorganic fertilizer
(1,879-2,381 vs 2,079 kg grain and straw/ha). Methods: There were three plots (30 m?)
for each of four organic fertilizers (anaerobically digested thin fraction of pig slurry,
untreated pig slurry, composted municipal solid waste, or sewage sludge and composted
crop residues) and one mineral fertilizer (urea), applied in January (125 kg available
N/ha). Plots were cultivated (0-5 cm depth) to incorporate the fertilizers. Barley was
planted in January and harvested in June.

A replicated, randomized, controlled in 2006-2008 in an irrigated field in Spain (7)
found higher alfalfa Medicago sativa yields in plots with organic fertilizer, compared to
inorganic fertilizer. Crop yield: Higher alfalfa yields were found in plots with organic
fertilizer, compared to inorganic fertilizer, in one of two comparisons (21 vs 20 Mg/ha).
Methods: Plots (5 m?) had organic fertilizer (pig slurry: 170 or 340 kg N/ha/year) or
inorganic fertilizer (phosphorous-potassium: 200 kg/ha/year; phosphorus pentoxide
and potassium oxide: 150 kg/ha/yr). Yield was measured in each plot (mown to 8 cm
height).

A replicated, randomized, controlled study in 2000-2003 in an irrigated maize field
in northeast Spain (8) found lower crop yields in plots with organic fertilizer, compared
to inorganic fertilizer. Crop yield: Lower maize yields were found in plots with organic
fertilizer, compared to inorganic fertilizer, in one of four years (2003: 7-9 vs 10 Mg/ha).
Methods: Plots (3.8 x 2.5 m) had inorganic fertilizer (150 kg N/ha) or organic fertilizer
(pig slurry: 30, 60, 90, or 120 Mg/ha) (three plots for each). Maize was harvested in
November each year.

A replicated, randomized, controlled study in 2000-2005 in an irrigated barley-
maize field in Spain (9) found lower barley and maize yields in plots with organic
fertilizer, compared to inorganic fertilizer. Crop yield: Lower yields were found in plots
with organic fertilizer, compared to inorganic fertilizer (barley, in one of two
comparisons: 4-6 vs 8 Mg/ha; maize: 4-6 vs 8 Mg/ha). Methods: Plots (3.8 x 2.5 m) had
inorganic fertilizer (150 kg N/ha/year) or organic fertilizer (slurry: 30, 60, 90, or 120
Mg/ha/year) in 2000-2003. Phosphorus (120 kg P20s/ha) and potassium (180 kg
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KCl/ha) were added to all plots in 2003 and 2004. Barley was sown in December 2003
and harvested in June 2004. Maize was sown in July 2004 and harvested in December.

A replicated, randomized, controlled study in 2010-2013 in rainfed barley fields in
Spain (10) found higher barley yields in plots with organic fertilizer, compared to
inorganic fertilizer. Crop yield: Higher barley yields were found in plots with organic
fertilizer, compared to inorganic fertilizer, in seven of 12 comparisons (2,755-5,335 vs
1,308-3,885 kg/ha). Methods: Plots (inorganic: 50 x 6 m or 40 x 6 m; organic: 40 x 12 m)
had inorganic fertilizer (60, 75, 120, or 150 kg N/ha) or organic fertilizer (75 or 150 kg
N/ha) (three plots for each). Plots had conventional tillage (mouldboard plough: 25 cm
depth; cultivator: 15 cm depth) or no tillage. Barley was harvested in June.

A replicated, randomized, controlled study in 2003-2004 in an irrigated maize field
in Spain (11) found higher crop yields in plots with organic fertilizer, compared to
inorganic fertilizer. Crop yield: Higher crop yields were found in plots with organic
fertilizer, compared to inorganic fertilizer, in four of 12 comparisons (16-18 vs 14
Mg/ha). Methods: Plots (30 x 40 m) had organic fertilizer (30, 60, 90, or 120 Mg
slurry/ha) or inorganic fertilizer (0, 180, 240, or 300 kg N/ha) (three plots for each).
Slurry was immediately covered after application. Each plot was drip-irrigated,
simulating flood irrigation (May to mid-September, with 7-12 intervals). Barley was
harvested at the end of 2004.
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2.6. Grow cover crops in arable fields: Crop production (25 studies)

e Crop yield (24 studies): Six replicated, controlled studies (five randomized) from Spain'3 and
the USA45.7.1015 found lower cash crop yields in plots with winter cover crops, compared to plots
without them, in some comparisons. Three replicated, randomized, controlled studies from Italy20
and the USA3$ found higher cash crop yields in plots with winter cover crops, compared to plots
without them, in some comparisons. Eight replicated, randomized, controlled studies from
Italy12.19.22.23.25 gnd the USA®1124 found inconsistent differences in cash crop yields (sometimes
higher, sometimes lower) between plots with or without summer® or winter?!.12.19.22:25 cover crops.
Seven controlled studies (six replicated, four randomized) from France', Israel?!, Spain'6, and
the USA'.2.17.18 found no differences in cash crop yields between plots with or without cover crops.
One replicated, randomized, controlled study from the USA® found inconsistent differences in
cash crop yields between plots with or without summer cover crops.

e Crop quality (6 studies): Three replicated, controlled studies (two randomized) from Italy'2,
Spain'3, and the USAS found no differences in cash crop quality between plots with or without
winter cover crops. Two controlled studies (one replicated and randomized) from the USA15.18
found some differences in tomato quality between plots with winter cover crops or fallows. One
replicated, randomized, controlled study from the USA” found inconsistent differences in cash
crop quality between plots with or without winter cover crops.

e Implementation options (9 studies): Eight studies from Italy812.19202325 Spain'3, and the
USA'™ found higher cash crop yields in plots that had legumes as winter cover crops, compared
to non-legumes. One study from the USAS found higher cash crop yields in plots that had a
mixture of legumes and grasses, compared to legumes alone.

A replicated, randomized, controlled study in 1986-1988 in an irrigated lettuce field in
the Salinas Valley, California, USA (1), found similar lettuce yields in plots with or without
winter cover crops. Crop yield: Similar lettuce yields were found in plots with cover
crops or fallows (210-664 g fresh weight/head). Methods: There were six plots (10.7 x
1.1 m raised beds) for each of two cover crops (broad beans or rye), and there were six
control plots (bare fallow, maintained with herbicide). The cover crops were seeded in
November 1986-1987, irrigated until emergence, and chopped, disked, and chisel
ploughed in spring (25-30 cm depth). Lettuces were planted in May and July 1987 and
March and August 1988, and were harvested in July and October 1987 and June and
October 1988. The lettuces were irrigated (1-2 cm every 2-3 days until emergence, then
2 cm/week). Head weight was measured in 25 plants (autumn 1987) or all plants in 3 x
3 m quadrats (other harvests) in each plot.

Areplicated, randomized, controlled study in 1989-1991 in an irrigated lettuce field
in Salinas, California, USA (2), found similar lettuce yields in plots with winter cover crops
or bare fallows. Crop yield: Similar lettuce yields were found in plots with cover crops or
bare fallows (290-312 vs 252 g dry matter/m?2). Methods: In 1989-1990, six winter
cover crops (Raphanus sativus oilseed radish, Brassica hirta white senf mustard, Brassica
alba white mustard, Lolium multiflorum annual ryegrass, Secale cereale Merced rye, and
Phacelia tanacetifolia) were grown on three plots each (two 12 m rows/plot), and bare
fallows were maintained (with herbicide and hand cultivation) on three plots. In 1990-
1991, two winter cover crops (Secale cerale Merced rye and Phacelia tanacetifolia) were
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grown on six plots each (two 8 m rows/plot), and bare fallows were maintained on six
plots. Cover crops were tilled into the plots (15-20 cm depth in March 1990, depth not
reported in February 1991). Lettuce was sown in April 1990-1991. All plots were
irrigated and fertilized (56-85 kg N/ha, before sowing lettuce). Data on lettuce yields
were reported for the harvest in July 1991.

A replicated, randomized, controlled study in 1992-1993 in an irrigated broccoli
field in the Salinas Valley, California, USA (3), found higher broccoli yields in plots with
winter cover crops, compared to bare fallows. Crop yield: Higher broccoli yields were
found in plots with cover crops, compared to bare soil, in one of four comparisons (the
first broccoli harvest, with phacelia as the winter cover crop: 957 vs 830 g dry
weight/m?2). Methods: There were three plots for winter cover crops (half Phacelia
tanacetifolia and half Secale cereale Merced rye, sown in November 1992 and mown in
March 1993) and three control plots with bare soil in winter. All plots (252 x 24 m) were
tilled in March 1993 (15 cm depth), and the cover crops were incorporated into the soil.
Two broccoli crops were grown on raised beds (first crop: April-August 1993; second
crop: August-November 1993). All plots were irrigated (440-450 mm/crop, subsurface
drip irrigation) and fertilized (41-42 g N/m?/crop). Broccoli biomass was measured in
two 1 m? areas/plot.

Areplicated, randomized, controlled study in 1991-1993 in an irrigated tomato field
in the San Joaquin Valley, California, USA (4), found lower tomato yields in plots with
winter cover crops, compared to winter fallows. Crop yield: Tomato yields were lower
in plots with cover crops, compared to fallows, in one of two years (in 1991: 76-84 vs 97
t/ha). Methods: There were four plots (93 x 7 m plots) for each of three winter cover
crops and one control (winter fallow). The cover crops were Hordeum vulgare barley,
Vicia dasycarpa Lana woollypod vetch, or a barley-vetch mixture, seeded in October
1991-1992 and incorporated into the soil in March 1992-1993 (15-20 cm depth, rotary
tiller). Tomato seeds were planted in April 1992-1993. All plots were fertilized (12 kg
N/ha before planting the tomatoes), but only plots that had not been cover cropped with
vetch were sidedressed (168 kg N/ha, when thinning the tomatoes). All plots were
irrigated with saline water (at rates to replace evapotranspiration).

A replicated, controlled study in 1996-1998 in an irrigated tomato field in the San
Joaquin Valley, California, USA (5), found lower tomato yields in plots with winter cover
crops (and no tillage in spring), compared to plots with winter fallows (and tillage in
spring). Crop yield: Lower tomato yields were found in plots with cover crops, compared
to fallows, in four of 16 comparisons (27-36 vs 39-42 tons/acre). Crop quality: Similar
amounts of soluble solids were found in tomatoes in the treatment and control plots (data
not reported). Implementation options: Higher tomato yields were found in plots that
were cover cropped with grass-legume mixtures, compared to legumes, in two of eight
comparisons (36-38 vs 27 tons/acre). Methods: There were 12 plots (4.5 x 27.5 m plots)
for each of four treatments (two grass-legume mixtures, or two legumes without grasses,
as winter cover crops, sown in October 1996-1997, killed and retained as mulch, with no
tillage, in March 1997-1998) and each of two controls (bare-soil fallows in winter, with
or without herbicide, and conventional tillage in spring). Tomato seedlings were
transplanted in April 1997-1998 and harvested in August 1997 and September 1998. The
tomatoes were irrigated (two inches/week) and fertilized (0, 100, or 200 lb N/acre).

Areplicated, randomized, controlled study in 1995-1998 in an irrigated tomato field
in Davis, California, USA (6), found higher crop yields in plots with winter cover crops,
compared to plots without cover crops, but summer cover crops had inconsistent effects
on crop yields. Crop yield: Higher tomato yields were found in plots with winter cover
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crops, compared to plots without them, in one of four comparisons (1996-1997: 104 vs
94 t/ha). Higher tomato yields were found in plots with summer cover crops, compared
to plots without them, in one of three comparisons (1996-1997: 108 vs 96 t/ha), but
lower yields were found in one of three comparisons (1997-1998: 34 vs 45 t/ha).
Methods: Cover crops were planted in different numbers of plots in different years
(1995-1996: 16 plots with winter cover crops, eight plots with summer cover crops, 16
control plots without cover crops; 1996-1997: 12 winter, four summer, eight controls;
1997-1998: 28 summer and/or winter, four controls). Plots were 3-4 beds wide and 10
m long. Some summer cover crops were retained over winter, and some were mown and
replaced with winter cover crops. Summer cover crops were mixtures of oats and
legumes, planted in August-September. Winter cover crops were legumes (Vicia sativa
common vetch), planted in November. In spring, cover crop residues were mown and
either removed or evenly distributed among all plots and incorporated into the soil. Some
plots were irrigated during the cover-cropping season. All plots were irrigated during the
tomato-growing season. Herbicide was used on all plots, but no inorganic fertilizer was
used.

A replicated, randomized, controlled study in 1998-2000 in an irrigated vegetable
field in the Salinas Valley, California, USA (7), found lower lettuce yields in plots with
winter cover crops, compared to plots without cover crops, but cover crops had
inconsistent effects on crop quality. Crop yield: Lower lettuce yields were found in plots
with cover crops, in one of four comparisons (281 vs 313 g dry weight/m2). No
differences in broccoli yields were found in plots with or without cover crops (625-644
vs 606-633 g dry weight/m2). Crop quality: Larger lettuces were found in plots with
cover crops, in two of four comparisons (1,080-1,140 vs 1,030-1,100 g fresh
weight/plant), but smaller lettuces were found in one of four comparisons (750 vs 790).
Larger broccoli plants were found in plots with cover crops (240-270 vs 210-220 g fresh
weight/plant). Methods: There were four plots (0.52 ha), for each of four treatments
(reduced tillage or conventional tillage, with or without added organic matter). In plots
with added organic matter, compost was added two times/year, and a cover crop (Secale
cereale Merced rye) was grown every autumn or winter. Lettuce or broccoli crops were
grown on raised beds. Sprinklers and drip irrigation were used in all plots. Soils were
disturbed to different depths (conventional tillage: disking to 50 cm depth, cultivating,
sub-soiling, bed re-making, and bed-shaping; reduced tillage: cultivating to 20 cm depth,
rolling, and bed-shaping). Crops were collected in two 2 m? areas/plot. It was not clear
whether these results were a direct effect of adding compost or growing cover crops.

A replicated, randomized, controlled study in 1993-2001 in a rainfed cereal field in
central Italy (8) found lower grain yields in plots that were cover cropped with rye,
compared to clover. Implementation options: Lower grain yields were found in plots
that were cover cropped with rye, compared to clover, in three of seven years (data not
reported), but there were no differences in grain yields in two of three comparisons
between species of cover crops. Methods: Winter cover crops (Secale cereale rye,
Trifolium subterraneum subterranean clover, or T. incarnatum crimson clover) were
grown on 72 treatment plots, but not on 24 control plots on which cereal crop residues
were retained over winter (21 x 11 m sub-sub-plots, in a split-split-plot experimental
design). In spring, the cover crops were flailed, half of the plots were tilled (30 cm depth),
and half were not. Herbicide and fertilizer were used on all plots.

A replicated, randomized, controlled study in 1997-2001 in irrigated tomato fields
at two sites in the Coachella and San Joaquin Valleys, California, USA (9), found lower
tomato yields in plots with cover crops, compared to dry fallows, but found inconsistent
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differences in tomato yields between plots with cover crops and wet fallows. Crop yield:
Lower tomato yields were found in plots with non-nematode-resistant cover crops,
compared to plots with dry fallows, in some comparisons (e.g., in Experiment 1: 40,000
vs 61,000 kg/ha). Inconsistent differences in yields (sometimes higher, sometimes lower)
were found between plots with cover crops or wet fallows (e.g., in Experiment 3, in 2 of
9 comparisons: 21,000 vs 59,000-69,000 kg/ha; in 1 of 9 comparisons: 143,000 vs
110,000). Methods: Six experiments compared plots with cover crops (cowpeas Vigna
unguiculata: several nematode-resistant cultivars and one susceptible cultivar,
sometimes incorporated into the soil, and sometimes not) to plots with fallows (dry or
wet) between 1997 and 2001 (4-6 replicate plots/treatment/experiment). Some
herbicide, but no fertilizer, was used. In the Coachella Valley, cover crops were sown in
late July or early August and suppressed after 70-84 days. The following year, tomatoes
were planted in late January or early March and harvested in June. In the Central Valley,
cover crops were sown in May and suppressed after 83 days. The following year,
tomatoes were planted in April and harvested in August.

A replicated, randomized, controlled study in 1999-2003 in an irrigated tomato-
cotton field in the San Joaquin Valley, California, USA (10) (same study as (24)), found
lower crop yields in plots with winter cover crops, compared to plots without winter
cover crops. Crop yield: Lower tomato yields were found in plots with cover crops,
compared to plots without cover crops, in one of two comparisons (with reduced tillage:
52 vs 58 t/ha). Methods: Sixteen plots (9 x 82 m) had six raised beds each. Rainfed winter
cover crops (Triticosecale triticale, Secale cereale Merced rye, and Vicia sativa common
vetch) were planted on eight plots, in October 1999-2002, and crop residues were
chopped in March. Reduced tillage or conventional tillage was used on half of the plots,
in 1999-2003. Different numbers of tillage practices were used for conventional tillage
(19-23 tractor passes, including disk and chisel ploughing) and reduced tillage (11-12
tractor passes, not including disk and chisel ploughing). Tomato seedlings were
transplanted in April 2000-2003. Fertilizer and herbicide were used on all plots, and the
tomatoes were irrigated. Tomatoes were grown in rotation with cotton.

A replicated, randomized, controlled study in 2005-2007 in an irrigated tomato-
maize field in Davis, California, USA (11), found lower tomato yields, but higher maize
yields, in plots with winter cover crops, compared to bare fallows in winter. Crop yield:
Lower tomato yields were found in plots with cover crops, compared to fallows (27-47
vs 68 Mg/ha). Higher maize yields were found in plots with cover crops, compared to
fallows, for two of three mixtures of cover crops (mixtures with legumes: 30-31 vs 16
Mg/ha). Implementation options: Higher maize yields were found in plots that were
cover cropped with legumes, compared to plots that were cover cropped with grains only
(30-31 vs 16 Mg/ha). Similar tomato yields were found in plots with different mixtures
of cover crops (27-47 Mg/ha). Methods: Three mixtures of winter cover crops (legumes
only, legumes and grains, or grains only) were grown on five plots each, and five control
plots were bare fallows on which weeds were controlled by burning (111 m? plots; six
raised beds/plot). Tomatoes were grown in 2006, and maize was grown in 2007, without
fertilizer.

A replicated, randomized, controlled study in 1999-2001 in two irrigated tomato
fields in central Italy (12) found that winter cover crops had inconsistent effects on crop
yields, which varied with the species of cover crop. Crop yield: Higher tomato yields were
found in plots with mulched cover crops, compared to plots without cover crops or mulch,
for three of four cover crops (86-100 vs 78 t/ha), but lower tomato yields were found for
one of four cover crops (oats: 66 vs 78 t/ha). Crop quality: Tomato quality was similar

33



with or without cover crops and mulch (pH 5.1-5.6, 4.3-4.9 cm diameter tomatoes).
Implementation options: The highest yields were found in plots that were cover
cropped and mulched with hairy vetch (100 t/ha, 181 fruits/m?) and the lowest yields
were found in plots that were cover cropped and mulched with oats (66 t/ha, 129
fruits/m?2). Methods: In September-May, cover crops were grown on 12 treatment plots,
but not on three control plots, which were weeded with a disk cultivator (6 x 9 m plots).
Cover crops were mown in May and used as mulch (6 cm depth, 80 cm width). All plots
were irrigated and fertilized (100 kg P20s/ha in September, 0-100 kg N/ha in June-July).
Tomato seedlings were transplanted in May and harvested in August. It was not clear
whether these results were a direct effect of growing cover crops or mulching.

A replicated, randomized, controlled study in 2006-2008 in an irrigated maize field
in the Ebro river valley, Spain (13), found lower maize yields in plots with winter cover
crops, compared to bare soils. Crop yield: Lower maize yields were found in plots with
cover crops, compared to bare soils, in four of five comparisons (barley or winter rape as
the cover crops: 14 vs 16-17 Mg/ha). Crop quality: Similar grain quality was found in
plots with cover crops or bare soils (530-640 grains/ear; 0.25-0.29 g/kernel).
Implementation options: Lower maize yields were found in plots that were cover
cropped with non-legumes (barley or winter rape), compared to legumes (common
vetch) (14 vs 18 Mg/ha). Methods: There were three plots (5.2 m?) for each of three
winter cover crops (Hordeum vulgare barley, Brassica rapa winter rape, or Vicia sativa
common vetch, sown in October 2006-2007), and three control plots (bare soil in
winter). Similar amounts of nitrogen were added to all plots (300 kg N/ha), but less of it
came from mineral fertilizer in plots with cover crops, to compensate for the organic
nitrogen that was added to these plots when the cover crop residues were tilled into the
soil. All plots were tilled in spring (March 2007-2008) and autumn (October 2006-2007).
All plots were irrigated twice/week (drip irrigation, based on evapotranspiration). Maize
was planted in April and harvested in October 2007-2008.

A replicated, controlled study in 2004-2008 in an irrigated maize field in the
Garonne River corridor, southern France (14), found similar maize yields in plots with or
without winter cover crops. Crop yield: Similar maize yields were found in plots with
cover crops or bare soil (11-13 vs 10-13 kg grain/ha). Methods: Winter cover crops
(2006-2007: white mustard; 2004-2006 and 2007-2008: oats) were grown on six plots,
and bare soil was maintained on six plots. The plots were 20 x 50 m. Maize was sown in
April-May 2005-2008 and harvested in October 2005-2008. A centre-pivot sprinkler
was used for irrigation (857-943 mm water/year, irrigation plus rainfall).

A replicated, randomized, controlled study in 2005-2006 in an irrigated, organic
tomato field in Yolo County, California, USA (15), found lower tomato yields in plots with
winter cover crops, compared to winter fallows. Crop yield: Lower tomato yields were
found in plots with cover crops, compared to fallows (162 vs 234 g harvestable fruit/m?2).
Crop quality: Tomatoes were not as red in plots with cover crops, compared to fallows
(39.8 vs 38.9 L*a*b colour values), but firmer tomatoes were found in plots with cover
crops (77% vs 75%). Tomato weight, soluble solids, pH, and titratable acidity did not
differ between plots with cover crops or fallows (data not reported). Methods: The field
was levelled and fertilized (17 Mg compost/ha). Eight plots had winter cover crops
(mustard Brassica nigra, planted on 3 November 2005) and eight plots had winter
fallows. Each plot was 16 x 9 m. Cover crops were mown on 26 April 2006, sprinkler
irrigated, and tilled into the soil (10 cm depth) after 19 days, when fallow plots were also
tilled. Plots were weeded and sulfur was used against mites and diseases. Tomatoes were
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furrow irrigated (approximately every 11 days: 88 mm/event). Tomatoes were
transplanted on 18-19 May 2006 and harvested on 7-8 September 2006.

A replicated, randomized, controlled study in 2006-2009 in an irrigated maize field
in the Tajo river basin, near Madrid, Spain (16), found similar crop yields in plots with
winter cover crops or bare fallows. Crop yield: Similar maize yields were found in plots
with cover crops or fallows (9,800-14,900 vs 8,400-14,400 kg grain/ha, dry weight).
Methods: There were four plots (12 x 12 m plots) for each of two treatments (barley or
vetch, as winter cover crops) and there were two control plots (bare fallow). Cover crops
were sown in October 2006-2009 and maize was sown in April and harvested in October
2007-2009. The maize was irrigated (sprinklers) and fertilized (210 kg N/ha, split into
two applications, 120 kg P/ha, and 120 kg K/ha).

A replicated, controlled study in 2007-2009 in an irrigated tomato field in Davis,
California, USA (17), found similar crop yields in plots with winter cover crops or winter
fallows. Crop yield: Similar tomato yields were found in plots with cover crops or fallows
(28-34 vs 31-33 marketable t/acre). Methods: Conventional tillage or reduced tillage
was used on four plots each (90 x 220 feet). Broadcast disking, subsoiling, land planing,
and rebedding were used for conventional tillage. A Wilcox Performer was used for
reduced tillage (two passes; beds were conserved). Winter cover crops (Triticosecale
triticale) were grown on half of each plot, and the other half was fallow in winter.
Sprinklers, furrow irrigation, and drip-tape (in furrows) were used to irrigate the
tomatoes. All plots were fertilized.

A controlled study in 2005-2006 in an irrigated tomato field in the Sacramento
Valley, California, USA (18), found some differences in tomato quality between the parts
of the field that were cover cropped or fallow over winter. Crop yield: Similar tomato
yields were found in each part of the field (55-67 Mg undamaged tomatoes/ha, fresh
weight). Crop quality: More pink or split tomatoes were found in the cover-cropped part,
compared to the fallow part (pink: 13 vs 11 Mg/ha; split: 6.8 vs 6.5), but similar numbers
of green (22 vs 15 Mg/ha), sunburned (19 vs 20 Mg/ha), and mouldy or rotten (36 vs 27
Mg/ha) tomatoes were found in each part of the field (fresh weights). Methods: A field
was divided into two parts: one part with a winter cover crop (mustard Brassica nigra,
planted in autumn 2005, and disked into the soil in spring 2006), and one part fallow.
Tomatoes were planted in both parts of the field in spring 2006. Tomatoes were sampled
on 393 m transects (1 x 3 m quadrats every 30 m).

A replicated, randomized, controlled study in 2009-2011 in two irrigated pepper
fields in central Italy (19) found that cover crops had inconsistent effects on crop yields.
Crop yield: Higher pepper yields were found in plots with cover crops, compared to plots
without cover crops, in 15 of 27 comparisons (9-41 vs 2-15 t/ha, fresh weight), but lower
pepper yields were found in one of 27 comparisons (8 vs 15). Implementation options:
Higher pepper yields were found in plots with hairy vetch as the winter cover crop (9-41
t/ha, fresh weight), compared to canola (3-26 t/ha) or oats (4-21 t/ha). Higher pepper
yields were found in plots with canola as the winter cover crop, compared to oats, in two
of nine comparisons (25-26 vs 8-10 t/ha, fresh weight), but lower yields were found in
one of nine comparisons (14 vs 18). Methods: Three species of winter cover crops (Vicia
villosa hairy vetch, Brassica napus canola, or Avena sativa oats) were sown on nine plots
each (6 x 12 m plots) in September 2009-2010, and no cover crops were sown on nine
plots (weeded, bare soil). The cover crops were mown and used as mulch (50 cm wide)
in some plots, or were chopped and tilled into the soil in other plots, in May 2010-2011.
Pepper seedlings were transplanted into these rows in May, and fruits were harvested
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twice/year in August-October 2010-2011. All plots were fertilized before the cover
crops, but not after. All plots were irrigated.

A replicated, randomized, controlled study in 2009-2012 in two irrigated vegetable
fields in central Italy (20) found higher crop yields in plots with winter cover crops,
compared to plots with bare soil in winter. Crop yield: Higher crop yields were found in
plots with cover crops, compared to bare soil, in one of three comparisons (in plots with
hairy vetch as the winter cover crop: 17 vs 7 t/ha endive; 15 vs 4 t/ha savoy cabbage).
Implementation options: Higher crop yields were found in plots with hairy vetch as the
winter cover crop, compared to oats (endive: 17-23 vs 5-6 t/ha; cabbage: 15-23 vs 2-6
t/ha; fresh weights), or compared to oilseed rape, in five of six comparisons (endive: 17-
23 vs 5-11; cabbage: 15-23 vs 2-6). Higher yields were found in plots with oilseed rape
as the winter cover crop, compared to oats, in one of six comparisons (11 vs 4 t/ha endive,
fresh weight). Methods: There were nine plots (6 x 4 m plots) for each of three
treatments (hairy vetch, oats, or oilseed rape) and one control (bare soil, maintained with
herbicide). Cover crops were sown in September 2009-2010 and suppressed in May
2010-2011 (chopped and incorporated into the soil with a mouldboard plough, 30 cm
depth). Pepper seedlings were transplanted into these plots in May 2010-2011 and were
last harvested in October 2010 and September 2011. After the pepper harvest, endive
and savoy cabbage seedlings were transplanted into these plots, and they were harvested
in December 2010 and November 2011 (endive) or March 2011 and February 2012
(cabbage). No fertilizer was added while the crops were growing, but the plots were
irrigated.

Areplicated, randomized, controlled study in 2011-2014 in irrigated potato fields in
Israel (21) found similar crop yields in plots with or without cover crops. Crop yield:
Similar potato yields were found in plots with or without cover crops (oats: 4.4-8.0 vs
4.9-8.0 kg/m?; data not presented for other cover crops). Methods: Different plots were
used in different years (2011-2012: 350 m? plots, 20 plots with cover crops, eight plots
without cover crops; 2012-2013: 695 m? plots, 10 with, 10 without; 2013-2014: 1,800
m? plots, four with, four without). Different mixtures of cover crops were used in different
years, but oats were used in all years, and triticale was used in Years 1 and 2 (2011-
2013). Plots without cover crops were weeded (tilled bare; some plots in all years) or
weedy (not tilled; some plots in Year 1). Herbicide and fertilizer were used on all plots.
Potatoes were planted under mown cover crops. Potato yields were sampled in 5 m?/plot.

A replicated, randomized, controlled study in 2011-2013 in two irrigated tomato
fields in central Italy (22) (same study as (23)) found that cover crops had inconsistent
effects on tomato yield. Crop yield: Higher tomato yields were found in plots that were
cover cropped and mulched with hairy vetch, compared to control plots (5.4-5.9 vs 3.6-
5.2 kg fresh weight/m?), but lower yields were found in plots that were cover cropped
and mulched with lacy phacelia or white mustard (2.4-4.3 kg). Methods: Three species
of winter cover crops (Vicia villosa hairy vetch, Phacelia tanacetifolia lacy phacelia, or
Sinapis alba white mustard) were sown on three plots each, in September, and winter
weeds were controlled with herbicide on three control plots (18 x 6 m plots). The cover
crops were mown and mulched (strips, 80 cm width) in May, and the control plots were
tilled (depth not reported). Tomato seedlings were transplanted in May (transplanted
into the mulch) and harvested in August. All plots were tilled (30 cm depth) and fertilized
(100 kg P20s5/ha, harrowed to 10 cm depth) in September. Some plots were also fertilized
(100 kg N/ha) in June-July. It was not clear whether these results were a direct effect of
cover cropping, mulching, herbicide, or tillage.
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A replicated, randomized, controlled study in 2012-2013 in two irrigated tomato
fields in central Italy (23) (same study as (22)) found that cover crops had inconsistent
effects on tomato yields. Crop yield: Higher tomato yields were found in plots that had
been cover cropped and mulched with hairy vetch, compared to plots that had not (6.4-
7 vs 3.2-5.3 kg/m?). Lower tomato yields were found in plots that had been cover
cropped and mulched with lacy phacelia (in one of two comparisons: 4.2 kg/m?2) or white
mustard (2.1-3.5), compared to plots that had not (3.2-5.3). Implementation options:
The highest tomato yields were found in plots with hairy vetch (6.4-7 kg/m?) and the
lowest were found in plots with white mustard (2.1 kg/m?). Methods: Three species of
winter cover crops (Vicia villosa hairy vetch, Phacelia tanacetifolia lacy phacelia, or
Sinapis alba white mustard) were sown on three plots each, but not on three control plots
(plot size not reported), in September. The cover crops were mulched in May, and the
control plots were tilled (depth not reported). Tomato seedlings were transplanted in
May (transplanted into the mulch) and harvested in August. All plots were tilled in
September. It was not clear whether these results were a direct effect of cover cropping,
mulching, or tillage.

A replicated, randomized, controlled study in 1999-2009 in an irrigated tomato-
cotton field in the San Joaquin Valley, California, USA (24) (same study as (10)), found
that winter cover crops had inconsistent effects on crop yields. Crop yield: Lower tomato
yields were found in plots with cover crops, compared to plots without cover crops, in
four of 10 years (95-118 vs 109-128 t/ha), but higher yields were found in one of 10
years (with conventional tillage: 142 vs 132 t/ha). Methods: Rainfed winter cover crops
(Triticosecale triticale, Secale cereale Merced rye, and Vicia sativa common vetch) were
planted on eight treatment plots, but not on eight control plots, in October 1999-2008.
Crop residues were chopped in March. Reduced tillage or conventional tillage was used
on half of these plots, in 1999-2009. The plots (9 x 82 m) had six raised beds each.
Different numbers of tillage practices were used for conventional tillage (19-23 tractor
passes, including disk and chisel ploughing) and reduced tillage (11-12 tractor passes,
not including disk and chisel ploughing). Tomato seedlings were transplanted in April
2000-2009. Fertilizer and herbicide were used on all plots, and the tomatoes were
irrigated. Tomatoes were grown in rotation with cotton.

A replicated, randomized, controlled study in 2009-2011 in an irrigated eggplant
field in central Italy (25) found that winter cover crops had inconsistent effects on crop
yield. Crop yield: Higher eggplant yields were found in plots with winter cover crops,
compared to plots with bare soil in winter, in six of nine comparisons (18-38 vs 11-21
Mg/ha fresh weight), but lower yields were found in two of nine comparisons (7-14 vs
18-21). Implementation options: Higher eggplant yields were found in plots with hairy
vetch as the winter cover crop (32-38 Mg/ha fresh weight), compared to oats (7-18
Mg/ha) or oilseed rape (18-25 Mg/ha). Higher eggplant yields were found in plots with
oilseed rape as the winter cover crop, compared to oats, in two of three comparisons (20-
25 vs 7-14 Mg/ha fresh weight). Methods: Three species of winter cover crops (Vicia
villosa hairy vetch, Brassica napus oilseed rape, or Avena sativa oats) were sown on three
plots each (6 x 12 m plots) in September 2009-2010, and no cover crops were sown on
three plots (weeded, bare soil). The cover crops were mown and used as mulch (50 cm
wide) in eggplant rows, in May 2010-2011. Eggplant seedlings were transplanted into
the plots in May, and fruits were harvested four times/year in July-September 2010-
2011. All plots were fertilized before the cover crops were grown, but not after. All plots
were irrigated.
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Plant or maintain ground cover in orchards or vineyards: Crop
production (14 studies)

Crop yield (11 studies)
o Grapes (8 studies): Two replicated, randomized, controlled studies from France? and the

USA' found lower grape yields in plots that were seeded with grass between the vine
rows, compared to plots with bare soil between the vine rows, in some comparisons’ or
all comparisons?. Six replicated, randomized, controlled studies from Italy'', Portugal?,
Spain'2, and the USA36.13 found similar grape yields in plots with or without ground cover
between the vine rows.

Other crops (3 studies): Two replicated, randomized, controlled studies from Portugal”8
found higher chestnut yields in plots with resident vegetation, compared to plots without
ground cover, but found no difference in chestnut yields between plots with seeded cover
crops and plots without ground cover. One of these studies’ also found higher mushroom
yields in plots with resident vegetation, compared to plots without ground cover. One
replicated, randomized, controlled study from Chile® found lower avocado yields in plots
that were seeded with grasses and legumes, compared to plots with bare soil.

Crop quality (8 studies)
o Grapes (6 studies): Five replicated, randomized, controlled studies from Italy'?,

Portugal*, and the USA36.13 found similar sugar contents in grapes with or without ground
cover between the vine rows. Three of these studies346 found similar pH levels, and two
of these studies®'" found no differences in titratable acidity, but two of these studies4$
found lower titratable acidity in grapes with ground cover between the vine rows. One
replicated, randomized, controlled study from the USA'® found heavier grapes with
ground cover between the vine rows, but two replicated, randomized, controlled studies
from Italy' and Spain'2 did not. Two replicated, randomized, controlled studies from
Portugal* and Spain'? found other differences in grape quality with ground cover
between the vine rows.

Other crops (2 studies): One replicated, randomized, controlled study from Portugal”
found larger chestnuts in plots with ground cover, compared to plots without ground
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cover. One replicated, randomized, controlled study from Chile® found no difference in
avocado quality in plots with or without ground cover.

e Implementation options (6 studies)
o Ground cover (5 studies)

= Grapes (3 studies): One replicated, randomized, controlled study from the
USA0 found similar grape yields in plots with different types of ground cover.
However, this study found lighter-weight clusters of grapes in plots with seeded
cover crops, compared to resident vegetation, in one of three years, and found
inconsistent differences in cluster weights between plots with different types of
seeded cover crops. Two replicated, randomized, controlled studies from
Spain'2 and the USA' found other differences in grape quality between plots
with different types of ground cover.

= Other crops (2 studies): Two replicated, randomized, controlled studies from
Portugal’® found lower chestnut yields in plots with seeded cover crops,
compared to resident vegetation. One of these studies® also found smaller
chestnuts and lower mushroom yields.

o Tillage (2 studies): One replicated, randomized, controlled study from the USA'0 found
higher grape yields, and heavier grape clusters, in plots without tillage between the vine
rows, in one of six comparisons. Another replicated, randomized, controlled study from
the USAS found similar grape yields, with or without tillage between the vine rows.

A replicated, randomized, controlled study in 1989-1990 in an irrigated vineyard in the
San Joaquin Valley, California, USA (1), found lower crop yields in plots with cover crops,
compared to bare soils, between the vine rows. Crop yield: Lower grape yields were
found in plots with cover crops, compared to bare soils, in two of four comparisons (in
1990: 16-20 vs 23 Mg/ha). Methods: There were three plots (one vine row and two
interrows, 183 m length) for each of two cover crops (Bromus mollis bromegrass as a
winter cover crop, treated with herbicide and mulched in summer, or followed by
resident vegetation as a summer cover crop), and there were three control plots (bare
soil, maintained with herbicide throughout the year). The bromegrass was seeded in
January and December 1989 (and reseeded in March 1989 because of poor
establishment). All plots were furrow irrigated until the water had advanced to the end
of the furrow (five times in March-September 1989-1990), and thus more water was
given to plots with faster infiltration (plots with cover crops). Grapes were harvested in
September 1989-1990.

A replicated, randomized, controlled study in 1998-2002 in a rainfed vineyard in
southern France (2) found lower crop yields in plots sown with grass between vine rows,
compared to bare soil. Crop yield: Lower grape yields were found in plots with grass
between the vine rows, compared to bare soil (8 vs 12 t/ha). Methods: In 1998, grass
seeds (Festuca arudinacea tall fescue) were sown between the vine rows in four
treatment plots, and herbicide was used to control weeds between vine rows in four
control plots (12 x 15 m plots). The grass was mown three times/year, in the summer.
Grape yield was measured from 1999-2002 (three vines/plots).

A replicated, randomized, controlled study in 1996-2000 in an irrigated vineyard in
the Sacramento Valley, California, USA (3), found no differences in grape yield or quality
between plots with or without cover crops between the vine rows. Crop yield: Similar
grape yields were found in plots with or without cover crops between the vine rows (18-
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28 vs 19-30 kg/vine). Crop quality: No consistent differences in grape quality were
found in plots with or without cover crops (see publication for data on Brix, pH, and
titratable acidity). Methods: There were four plots for each of four cover crops (1.8 m
width, between vine rows of 3.4 width), and there were four control plots (periodically
disked between the vine rows). Each plot was 10 contiguous vines and two adjacent
interrows. The cover crops were Californian native grasses (not tilled, mown), annual
clover (not tilled, mown), barley and oats (mown and disked), or legumes and barley
(mown and disked in spring and used as a green manure). The Californian native grasses
were seeded between the vine rows in autumn 1996. The others were seeded in autumn
1997-1999. All plots were drip irrigated, fertigated (20 kg N/ha/year), and the grass
cover crops were also fertilized with urea (45 kg N/ha/year). Herbicide was used under
the vines. Grape quality was measured in 150 grapes/plot.

A replicated, randomized, controlled study in 2002-2004 in a rainfed vineyard in
central Portugal (4) found similar grape yields, but differences in grape quality, in plots
with ground cover (without tillage), compared to tilled soils (without cover crops),
between the vine rows. Crop yield: Similar grape yields were found in plots with or
without ground cover (2.9 kg/vine). Crop quality: Lower acidity (2004: 6.7-7.2vs 8.1 g
tartaric acid/litre), higher phenol content (data not reported), and higher anthocyanin
content (2004: 1,182-1,269 vs 1,027 mg/litre) were found in grapes from plots with
ground cover, but there were similar sugar contents (22 °Brix) and pH levels (pH 3.35).
Methods: There were four plots for each of two ground-cover treatments (resident
vegetation or sown cover crops, both without tillage between the vine rows), and there
were four control plots (with tillage between the vine rows; depth not reported). The
plots were four vine rows each (100 vines/row). The cover crops were 60% grasses
(Lolium and Festuca spp.) and 40% legumes (Trifolium spp.), sown in March 2002. The
interrows of all plots were mown (treatments: twice/year, to 15 cm, in February and
May-June; controls: once/year, in February, height not reported). All plots were
fertilized, and herbicide was used under the vines. Two-hundred grapes/plot were
collected for measurements of crop quality.

A replicated, randomized, controlled study in 2002-2005 in an irrigated vineyard in
the Napa Valley, California, USA (5), found similar grape yields in vine rows with ground
cover, with or without tillage. Implementation options: Similar grape yields were found
in vine rows with ground cover (either seeded cover crops or resident vegetation), with
or without tillage (4.3-6.6 kg/vine). Methods: No tillage or conventional tillage was used
on eight plots each, between the vine rows (three vine rows/plot). A disk plough was used
for conventional tillage (15 cm depth, once/year in April-June). Four plots with
conventional tillage had annual cover crops (seeded in October 2002-2004) and four
plots had resident vegetation. Four plots with no tillage had annual cover crops (seeded
in October 2002-2004), and four had perennial cover crops (seeded in October 2002). All
plots were drip irrigated in July-October (85 kl/ha/week). Grapes were harvested from
18 vines/plot (September 2003-2004 and October 2005).

A replicated, randomized, controlled study in 2000-2005 in an irrigated vineyard in
the Salinas Valley, California, USA (6), found similar crop yields and qualities in plots with
or without cover crops, except for lower acidity in plots with cover crops. Crop yield:
Similar grape yields were found in plots with or without cover crops (6-6.5 vs 6.1
kg/vine; 46-48 vs 47 cluster/vine, 130-139 vs 132 g/cluster). Crop quality: Similar
sugar content and pH levels were found in grapes from plots with or without cover crops
(24 °Brix, 3.4 pH), but lower titratable acidity was found in plots with cover crops, in one
of two comparisons (7.0 vs 7.3 g/litre). Methods: There were nine plots for each of two
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treatments, and there were nine control plots. The treatments were triticale (X
Triticosecale) or Secale cereale Merced rye, planted in November 2000-2004 as cover
crops (32 inches width) between the vine rows (8 feet width), mown in spring, and disked
into the soil in the following November. Bare soils were maintained in the controls
through disking in spring and summer (depth not reported). Each plot had 100 vines and
the adjacent areas between the vine rows. All plots were drip-irrigated in April-October.
Grapes were harvested from 20 vines/plot (for crop yield), and 200 grapes/plot (for crop
quality). It was not clear whether these results were a direct effect of cover crops or
tillage.

A replicated, randomized, controlled study in 2001-2006 in a chestnut orchard in
northeast Portugal (7) (same study as (8)) found higher chestnut yields in plots with
resident vegetation (without tillage), compared to plots without ground cover (with
conventional tillage). Crop yield: Higher chestnut yields were found in plots with ground
cover, compared to plots without ground cover, in one of two comparisons (with resident
vegetation: 27 vs 19 kg dry matter/tree). Implementation options: Lower chestnut
yields were found in plots with seeded grasses and legumes, compared to resident
vegetation (20 vs 27 kg dry matter/tree). Methods: There were three plots for each of
two treatments (no tillage with ground cover: grasses and legumes, sown in 2001, or
resident vegetation), and there were three control plots (conventional tillage, 15-20 cm
depth, thrice/year). Each plot (600 m?) had six chestnut trees (40 years old in 2001) and
was fertilized but not irrigated. Chestnuts were collected thrice/plot in 2003-2006. It
was not clear whether these results were a direct effect of ground cover or tillage.

A replicated, randomized, controlled study in 2001-2008 in a chestnut orchard in
northeast Portugal (8) (same study as (7)) found higher mushroom and chestnut yields,
and larger chestnuts, in plots with ground cover (without tillage), compared to plots with
conventional tillage (without ground cover). Crop yield: Higher edible mushroom yields
were found in plots with ground cover, compared to conventional tillage (43 vs 6 kg fresh
weight/ha), and higher chestnut yields were also found in one of two comparisons (with
resident vegetation: 27 vs 19 kg dry matter/tree). Crop quality: Larger chestnuts were
found in plots with ground cover, compared to conventional tillage (10-11 vs 9 g/fruit;
26-27 vs 25 mm size index). Implementation options: Lower crop yields and smaller
chestnuts were found in plots with seeded cover crops, compared to resident vegetation
(edible mushrooms: 45 vs 59 kg fresh weight/ha; chestnuts: 20 vs 27 kg dry matter/tree;
11 vs 10 g/fruit; 26 vs 27 mm size index). Methods: There were three plots for each of
two treatments (no tillage with ground cover: grasses and legumes, sown in 2001, or
resident vegetation), and there were three control plots (conventional tillage, 15-20 cm
depth, thrice/year). Each plot (600 m2) had six chestnut trees (40 years old in 2001) and
was fertilized but not irrigated. Chestnuts were sampled thrice/plot in 2003-2006.
Mushrooms were collected in 2006-2008 (weekly in May-July and September-
November, under three trees/plot). It was not clear whether these results were a direct
effect of ground cover or tillage.

A replicated, randomized, controlled study in 2008-2011 in an irrigated avocado
orchard in Chile (9) found lower crop yields in plots with cover crops, compared to bare
soil. Crop yield: Lower avocado yields were found in plots with cover crops, compared
to bare soil (1.3 vs 5 kg fruit/tree; 7 vs 27 fruits/tree). Crop quality: Similarly-sized
avocados were found in plots with cover crops or bare soil. Methods: Cover crops were
grown in five treatment plots, and bare soil was maintained with herbicide in five control
plots, in an avocado orchard, on a 47% slope (10 x 50 m plots). The groundcover (Lolium
rigidum ryegrass and a legume, Medicago polymorpha) was sown in August 2008 and
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mown in February 2009-2010 (residues were retained). All plots were fertilized and
irrigated. Avocado yield and quality were measured in 2011.

A replicated, randomized, controlled study in 2008-2010 in an irrigated vineyard in
the San Joaquin Valley, California, USA (10) (same study as (14)), found lighter-weight
clusters of grapes in plots with seeded cover crops, compared to resident vegetation, but
found similar crop yields. Implementation options: Similar grape yields were found in
plots with cover crops or resident vegetation (8-19 vs 11-19 kg/vine). Similar grape
yields were found in plots with different types of seeded cover crops (oats only, or oats
and legumes: 8-19 kg/vine). Higher grape yields were found in plots with no tillage,
compared to conventional tillage, in one of six comparisons (in 2010, in plots that were
cover cropped with oats and legumes: 13 vs 9 kg/vine). Heavier clusters of grapes were
found in plots that were cover cropped with oats only, compared to oats and legumes, in
one of three years (2010: 70 vs 65 g/cluster), but lighter clusters were found in one of
three years (2009: 110 vs 125). Heavier clusters were also found in plots with no tillage,
compared to conventional tillage, in one of six comparisons (in 2010, in plots that were
cover cropped with oats and legumes: 85 vs 70 g/cluster). Lighter-weight clusters of
grapes were found in plots with cover crops, compared to resident vegetation, in one of
three years (2010: 65-70 vs 80 g/cluster). Methods: Either seeded cover crops or
resident vegetation was grown between the vine rows on 16 plots each (two vine
rows/plot, 190 vines/row). The cover crops were either oats or oats and legumes, on
eight plots each, seeded in November. The plots were mown in spring, before tillage. No
tillage was used on half of the plots, and conventional tillage was used on the other half.
A disk plough (15-20 cm depth) was used for conventional tillage, in spring, summer
(three times), and autumn. Herbicide was used to control weeds in the vine rows (50 cm
width).

A replicated, randomized, controlled study in 2005-2010 in an irrigated vineyard in
Sardinia, Italy (11), found similar grape yields and similarly-sized grapes, of similar
quality, in plots with ground cover (without tillage), compared to conventional tillage
(without ground cover), between the vine rows. Crop yield: Similar crop yields were
found in all plots (3.5-5.6 kg, 8.5-13.5 grape clusters/vine, 351-537 g/cluster). Crop
quality: Similarly-sized grapes (1.8-3 g/grape), with similar compositions (sugar
content: 19-22.5 °Brix; titratable acidity: 3.9-5.9 g/L; see publication for other
measurements), were found in all plots. Methods: There were four plots (3 vine
rows/plot) for each of four ground-cover treatments (all without tillage, with vegetation
in the interrows: resident vegetation, complex grass-legume cover crop, simple grass-
legume cover crop, or summer-dormant-grass cover crop), and there were four control
plots (conventionally tilled interrow: 2-3 passes/year, 15 cm depth). Cover crops were
sown in the interrows in October 2005. In the vine rows, weeds were controlled with
herbicide. All vine rows were drip irrigated and fertilized. Grape yield and quality were
measured in 2006-2010 (yield and size: 10 clusters/plot, 10 grapes/cluster; quality: 400
grapes every two weeks, from the beginning of ripening to harvest in 2007-2010; at
harvest in 2006). It was not clear whether these results were a direct effect of ground
cover or tillage.

A replicated, randomized, controlled study in 2009-2011 in a rainfed vineyard in
northern Spain (12) found similar grape yields but differences in grape quality in plots
with cover crops, compared to conventional tillage, between the vine rows. Crop yield:
Similar grape yields were found in plots with cover crops or conventional tillage (4.2-6.2
vs 5.1-5.9 kg/vine; 14.1-16.8 vs 13.8-16.6 clusters/vine). Crop quality: Less yeast-
assimilable nitrogen (which is needed for wine fermentation) was found in grapes from
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plots with cover crops, compared to conventional tillage, in one of six comparisons (with
barley, in 2011: 48 vs 70 mg YAN/kg grape extract). Significant differences in amino acid
content were found between plots with cover crops or conventional tillage (20 amino
acids: see publication for details). Similar grape weight was found in plots with cover
crops or conventional tillage (250-290 g/100 grapes). Implementation options: Less
yeast-available nitrogen was found in grapes from plots that were cover cropped with
barley, compared to clover (48 vs 77 mg YAN/kg grape extract). Methods: There were
three plots (four vine rows/plot, 20 vines/row) for each of two cover crops (Hordeum
vulgare barley or Trifolium resupinatum Persian clover between vine rows, sown in
February 2009 and 2011), and there were three control plots (conventional tillage
between vine rows: disk plough, 0-15 cm depth, every 4-6 weeks in February-August).
No plots were fertilized. Herbicides were used under vine rows. Vine prunings were
retained between rows. Grape yield and quality were measured in 2009-2011 (20
vines/plot, 500 grapes/plot).

A replicated, randomized, controlled study in 2008 in an irrigated vineyard in
southern California, USA (13), found larger grapes in plots with cover crops, compared to
bare fallows, but found similar grape yields and sugar contents. Crop yield: Similar grape
yields were found in plots with cover crops or bare fallows (75-80 vs 55 g/cluster). Crop
quality: Similar amounts of sugar were found in grapes from plots with cover crops or
bare fallows (24 °Brix/cluster). Larger grapes were found in plots with cover crops,
compared to bare fallows, in two of four comparisons (11 vs 10 mm diameter). Methods:
Cover crops (Fagopyrum esculentum buckwheat) were sown between the vine rows in
four plots, in summer 2008, and the cover crops were irrigated throughout the summer
(sprinklers: 10 sprinklers/plot, 45 litre /hour, two hours after sowing and six hours every
7-10 days; tree sprayer: 60.5 litres/plot, thrice/week). This irrigation system was also
used on three plots that did not have cover crops. Conventional management was used
on six plots (bare fallows were maintained between the vine rows through cultivation
and no irrigation). The plots had two vine rows each (28.7 x 6 m plots). Grapes were
harvested in September 2008 (10 clusters from 3 m in the centre of each plot).

A replicated, randomized, controlled study in 2008-2010 in an irrigated vineyard in
the San Joaquin Valley, California, USA (14) (same study as (10)), found lower titratable
acidity in grapes from plots with seeded cover crops between the vine rows, compared to
resident vegetation. Implementation options: Grapes of similar quality were found in
plots with cover crops or resident vegetation between the vine rows (23-25 °Brix; pH
3.3-3.6; 107-135 g/100 grapes; 25-33 g sugar/100 grapes), except that lower titratable
acidity was found in grapes from plots with cover crops, in one of three years (2008: 5.7-
5.9 vs 6.8 mg/L). Methods: Cover crops (2.5 m width) were grown in the alleys between
the vine rows (3.1 m width) on 16 plots (two alleys/plot, 190 vines/row), and resident
vegetation was allowed to grow on 8 plots, over the winter. There were two combinations
of cover crops (oats only, or oats and legumes, seeded in November, on 8 plots each). All
plots were mown in spring and tilled (15-20 cm depth) in spring, summer, and autumn.
Herbicide was used to control weeds in the vine rows (50 cm width), but not in the alleys.
Vines were drip-irrigated (60-70% of evapotranspiration).

(D Gulick, S.H., Grimes, D.W., Goldhamer, D.A. & Munk, D.S. (1994) Cover-Crop-Enhanced Water
Infiltration of a Slowly Permeable Fine Sandy Loam. Soil Science Society of America Journal, 58,
1539-1546.

(2) Celette, F., Wery, ]., Chantelot, E., Celette, ]. & Gary, C. (2005) Belowground Interactions in a Vine
(Vitis vinifera L.)-tall Fescue (Festuca arundinacea Shreb.) Intercropping System: Water
Relations and Growth. Plant and Soil, 276, 205-217.
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Use crop rotations: Crop production (9 studies)

Crop yield (8 studies): Four replicated, controlled studies (three randomized) from Italy?,
Spain“?, and Turkey® found higher crop yields in plots with rotations, compared to monocultures,
in some comparisons. Four replicated, randomized, controlled studies from Australia8®,
Portugal®, and Spain' found similar crop yields in plots with or without rotations.

Crop quality (1 study): One replicated, controlled study from ltaly” found more protein in wheat
that was grown in rotation, compared to continuously-grown wheat.

Implementation options (2 studies): One study from the USAZ2 found higher tomato yields in
four-year rotations, compared to two-year rotations. One study from Italy” found higher wheat
yields in rotations with beans, compared to clover.

A replicated, randomized, controlled study in 1983-1996 in a rainfed wheat field in the
Henares river valley, Spain (1), found similar wheat yields in plots with or without crop
rotations. Crop yield: Similar wheat yields were found in plots with or without crop
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rotations (2.5-2.7 vs 2.5-2.8 Mg/ha). Methods: Wheat was grown in continuous
monoculture or in rotation with vetch (12 plots each, 20 x 30 m plots). Fertilizer and
post-emergence herbicide were used on all plots. Wheat was harvested at maturity (July
1996), and yield was measured in two strips/subplot (1.4 x 30 m strips).

Areplicated, randomized, controlled study in 1994-1998 on an irrigated, arable farm
near Davis, California, USA (2), found higher tomato yields in plots with four-year crop
rotations, compared to two-year rotations. Implementation options: Higher tomato
yields were found in plots with four-year rotations, in one of five years (in 1994: 92 vs 85
mg/kg). Methods: A four-year rotation (tomato, safflower, corn and wheat, beans) was
used on 16 plots (four plots for each phase, each year), and a two-year rotation (tomato,
wheat) was used on eight plots (four plots for each phase, each year). Each plot was 68 x
18 m. Fertilizer and pesticide were used on all plots.

Areplicated, randomized, controlled study in 2004-2006 in an occasionally irrigated
oat field in Portugal (3), found similar oat yields in plots with a lupin-oat sequence,
compared to an oat-oat sequence. Crop yield: Similar oat yields were found in all plots
(4.2 t dry matter/ha). Methods: Oats or white lupins Lupinus albus were grown in six
plots each in 2003-2004 (year 1). Oats were grown in all plots in 2004-2005 (year 2).
Each plot was 5 x 10 m. Half were tilled (15 cm depth), and half were not (crop residues
were retained). All plots were fertilized with phosphorus (60 kg/ha), and oats were also
fertilized with nitrogen (100 kg/ha). The seeds were sown in September and the oats
were harvested in May.

A replicated, randomized, controlled study in 1993-1997 in a rainfed barley field
near Madrid, Spain (4), found higher barley yields in plots with vetch-barley or fallow-
barley rotations, compared to plots with continuous barley. Crop yield: Higher barley
yields were found in plots with rotations (4,107-4,395 vs 2,465 kg/ha). Methods: Barley
was grown continuously (one plot), or in rotation with vetch Vicia sativa or fallow (one
plot/phase), in each of three tillage treatments (conventional, reduced, or no tillage), in
each of four blocks. Plots were 10 x 25 m. The barley phases were fertilized (8-24-8 NPK:
200 kg/ha; ammonium nitrate: 200 kg/ha). Before the experiment, barley was grown in
these plots for over 10 years. Barley was harvested in June.

A replicated, randomized, controlled study in 1999-2005 in a rainfed cereal field in
northeast Spain (5) found higher barley yields in plots with rotations, compared to
continuous barley. Crop yield: Higher barley yields were found in plots with rotations,
compared to continuous barley, in one of two comparisons (2,716 vs 2,192 kg/ha).
Similar wheat yields were found in plots with or without rotations (1,981-2,125 vs 2,272
kg/ha). Similar aboveground biomass was found in cereal plots with or without rotations
(6-9 vs 7-8 t/ha). Methods: Continuous wheat (one plot), continuous barley (one plot),
a wheat-barley-rapeseed Brassica napus rotation (one plot/phase), or a wheat-barley-
vetch Vicia sativa rotation (one plot/phase) were grown in each of three blocks. Each plot
was 50 x 8 m. Wheat and barley were sown in early November (450 seeds/m?). Vetch and
rapeseed were sown in late September to early October (150 and 80 seeds seeds/m?2,
respectively). Fertilizer was used on all plots (except vetch phases) in January and
February. Herbicide was used in all plots.

A replicated, randomized, controlled study in 2003-2005 in a rainfed winter wheat
field in Central Anatolia, Turkey (6), found higher wheat yields in plots with rotations,
compared to continuous wheat. Crop yield: Wheat yields were higher in plots with
rotations (1,320-2,243 vs 543 kg grain/ha). Methods: Wheat was grown continuously
(three plots) or in rotation with one of five other phases (three plots each: winter lentil,
chickpea, sunflower, spring lentil, or fallow). Each plot was 5 x 15 m. All plots were
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fertilized. Before the experiment, these rotations had been used for 21 years in this field.
The wheat was harvested in July.

A replicated, controlled study in 1991-2009 in a rainfed durum wheat field in Sicily,
Italy (7), found higher wheat yields, and higher protein content in wheat, in plots with
rotations, compared to continuous wheat. Crop yield: Wheat yields were higher in plots
with rotations (4.2-4.7 vs 3.2 mg grain/ha). Crop quality: Wheat protein content was
higher in plots with rotations (141-143 vs 136 g protein/kg grain). Implementation
options: Wheat yields were higher in rotations with faba beans, compared to rotations
with berseem clover (4.7 vs 4.2 mg/ha). Methods: Continuous durum wheat Triticum
durum, or durum wheat in rotation with faba bean Vicia faba or berseem clover Trifolium
alexandrinum, was grown in three subplots each (in plots with conventional, reduced, or
no tillage), in each of two blocks (one phase of each rotation in each block, each year).
Each subplot was 18.5 x 20 m. The seeds were sown in December, and the wheat was
harvested in May. All plots were fertilized (wheat: 69 kg/ha P20s before planting and 120
kg N/ha after; beans or clover: 46 kg/ha P20s5 before planting and 80 kg N/ha after).
Herbicide was used in all plots. Wheat straw was removed from all plots, but bean and
clover straw was not. Yield was measured in three samples areas/plot/year (8.6 x 8.6 m
areas).

A replicated, randomized, controlled study in 2009-2010 in a rainfed wheat field in
the Wongan Hills, Western Australia (8), found similar wheat yields in plots preceded by
lupins or wheat. Crop yield: In 2010, wheat yields were similar in plots preceded by
lupins or wheat (1.4 t/ha). Methods: Wheat or lupin Lupinus angustifolius was planted
on six 150 m? plots each, in June 2009. In June 2010, wheat was planted on all plots. Lime
was added to half of the plots (3.5 t/ha). Different fertilizers were used on each crop (e.g.,
no nitrogen was used on lupin). No plots were tilled.

A replicated, randomized, controlled study in 2010-2011 in a rainfed field in
Western Australia (9), found similar wheat yields in plots preceded by canola or wheat.
Crop yield: Similar wheat yields were found in plots preceded by canola or wheat (2,500
vs 2,600 kg/ha). Methods: Wheat or canola was grown on three plots each, in 2010, and
wheat was grown on all plots in 2011. Each plot was 1.4 x 40 m. Fertilizer (150
kg/ha/year) and herbicide were used on all plots. Yield was measured in 2011.

(D Hernanz, J.L., Lopez, R, Navarrete, L. & Sdnchez-Girén, V. (2002) Long-term effects of tillage
systems and rotations on soil structural stability and organic carbon stratification in semiarid
central Spain. Soil and Tillage Research, 66, 129-141.

(2) Poudel, D.D., Horwath, W.R,, Lanini, W.T., Temple, S.R. & Van Bruggen, A.H.C. (2002) Comparison
of soil N availability and leaching potential, crop yields and weeds in organic, low-input and
conventional farming systems in northern California. Agriculture, Ecosystems and Environment,
90, 125-137.

(3) De Varennes, A., Torres, M.0O., Cunha-Queda, C., Goss, M.]. & Carranca, C. (2007) Nitrogen
conservation in soil and crop residues as affected by crop rotation and soil disturbance under
Mediterranean conditions. Biology and Fertility of Soils, 44, 49-58.

(4) Martin-Rueda, I., Mufioz-Guerra, L.M., Yunta, F., Esteban, E., Tenorio, ].L. & Lucena, ].J. (2007)
Tillage and crop rotation effects on barley yield and soil nutrients on a Calciortidic Haploxeralf.
Soil and Tillage Research, 92, 1-9.

(5) Alvaro-Fuentes, J., Lampurlanés, ]. & Cantero-Martinez, C. (2009) Alternative Crop Rotations
under Mediterranean No-Tillage Conditions: Biomass, Grain Yield, and Water-Use Efficiency.
Agronomy Journal, 101, 1227-1233.

(6) Cayci, G., Heng, L.K,, Oztiirk, H.S., Siirek, D., Kiitiik, C. & Saglam, M. (2009) Crop yield and water
use efficiency in semi-arid region of Turkey. Soil and Tillage Research, 103, 65-72.

(7) Amato, G., Ruisi, P., Frenda, A.S., di Miceli, G, Saia, S., Plaia, A. & Giambalvo, D. (2013) Long-term
tillage and crop sequence effects on wheat grain yield and quality. Agronomy Journal, 105, 1317-
1327.
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(8) Barton, L., Murphy, D.V. & Butterbach-Bahl, K. (2013) Influence of crop rotation and liming on
greenhouse gas emissions from a semi-arid soil. Agriculture, Ecosystems and Environment, 167,
23-32.

9 Manalil, S. & Flower, K. (2014) Soil water conservation and nitrous oxide emissions from
different crop sequences and fallow under Mediterranean conditions. Soil and Tillage Research,
143, 123-129.

2.9. Use no tillage in arable fields: Crop production (23 studies)

e Crop yield (23 studies)

o Crops (22 studies): Eight replicated, controlled studies (seven randomized) from Italy14.18
and Spain'-13.20-22 found higher crop yields in plots with no tillage, compared to
conventional tillage, in some comparisons''.1218.22 or all comparisons'3.142021, Seven
replicated, controlled studies (six randomized) from Italy3, Lebanoné, Spain57.19, and the
USA'6 found lower crop yields in plots with no tillage, compared to conventional tillage,
in some comparisons36-8.19 or all comparisons's. Four replicated, randomized controlled
studies from Italy'”2® and Spain*'0 found inconsistent differences in crop yields
(sometimes higher with no tillage, sometimes lower). Three replicated, controlled studies
(two randomized) from Italy'¢, Portugal®, and Spain2 found similar crop yields in plots
with or without tillage.

o Crop residues (5 studies): Two replicated, randomized, controlled studies from Lebanon8
and Spain'® found higher straw yields in plots with no tillage, compared to conventional
tillage, in some comparisons. One replicated, randomized, controlled study from Spain!
found inconsistent straw yields (sometimes higher with no tillage, sometimes lower). Two
replicated, controlled studies (one randomized) from ltaly'* and Spain22 found similar
straw yields in plots with or without tillage.

e Crop quality (6 studies): One replicated, controlled study from Italy'6 found less protein in wheat
grains from plots with no tillage, compared to conventional tillage. One replicated, randomized,
controlled study from Spain20 found heavier cereal grains in plots with no tillage, compared to
conventional tillage. Two replicated, randomized, controlled studies from Spain'®22 found other
differences in crop quality, but two replicated, controlled studies from Italy'* and the USA? did
not.

Areplicated, controlled study in 1996-1998 in an irrigated tomato field in the San Joaquin
Valley, California, USA (1), found lower tomato yields in plots with no tillage (and winter
cover crops), compared to tillage (and winter fallows). Crop yield: Lower tomato yields
were found in plots with no tillage, compared to tillage, in four of 16 comparisons (27-36
vs 39-42 tons/acre). Crop quality: Similar amounts of soluble solids were found in
tomatoes in the treatment and control plots (data not reported). Methods: There were
12 plots (4.5 x 27.5 m plots) for each of four treatments (two grass-legume mixtures, or
two legumes without grasses, as winter cover crops, sown in October 1996-1997, killed
and retained as mulch, with no tillage, in March 1997-1998) and each of two controls
(bare-soil fallows in winter, with or without herbicide, and conventional tillage in spring).
Tomato seedlings were transplanted in April 1997-1998 and harvested in August 1997
and September 1998. The tomatoes were irrigated (two inches/week) and fertilized (0,
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100, or 200 Ib N/acre). It was not clear whether these results were a direct effect of cover
crops or tillage.

A replicated, randomized, controlled study in 1983-1996 in a rainfed wheat field in
the Henares river valley, Spain (2), found similar crop yields in plots with no tillage or
conventional tillage. Crop yield: Similar wheat yields were found in plots with no tillage
or conventional tillage (2.7 vs 2.5 Mg/ha). Methods: No tillage or conventional tillage was
used on four plots each. Each plot had two subplots (20 x 30 m, with or without crop
rotation). A mouldboard plough (30 cm depth, in autumn) and a tine cultivator (10-15
cm depth, two passes, in spring) were used for conventional tillage. A seed drill and pre-
emergence herbicide were used for no tillage. Fertilizer and post-emergence herbicide
were used on all plots. Wheat was harvested at maturity (July 1996), and yield was
measured in two strips/subplot (1.4 x 30 m strips).

A replicated, randomized, controlled study in 1993-2001 in a rainfed cereal field in
central Italy (3) found lower crop yields in plots with no tillage, compared to conventional
tillage. Crop yield: Lower grain yields were found in plots with no tillage, compared to
conventional tillage, in five of seven years (data not reported). Methods: Conventional
tillage or no tillage was used on 48 plots each (21 x 11 m sub-sub-plots, in a split-split-
plot experimental design), from 1994-2000. A mouldboard plough (30 cm depth, in
spring) and a standard precision seed drill were used for conventional tillage. A direct
seed drill was used for no tillage. Herbicide and fertilizer were used on all plots. Winter
cover crops were grown on three of four plots, and cereal crop residues were retained
over winter on one of four plots.

A replicated, randomized, controlled study in 1996-1999 in three rainfed barley
fields in the Ebro river valley, Spain (4) (same study as (11-13,15)), found that tillage had
inconsistent effects on crop yield. Crop yield: Higher grain yields were found in plots
with no tillage, compared to conventional tillage, in two of nine comparisons (3,645-
5,420 vs 1,557-4,229 kg/ha), but lower grain yields were found in two of nine
comparisons (770-1,247 vs 1,672-1,888 kg/ha). Methods: No tillage or conventional
tillage was used on 27 plots each (50 x 6 m plots). A mouldboard plough (25-30 cm
depth) and a cultivator (15 cm depth, 1-2 passes) were used for conventional tillage, in
August-September. Herbicide was used for no tillage. Two-thirds of the plots were
fertilized (50-75 or 100-150 kg N/ha). Barley was sown, with a seed drill, in October-
November.

A replicated, randomized, controlled study in 1993-1997 in a rainfed barley field
near Madrid, Spain (5), found lower crop yields in plots with no tillage, compared to
conventional tillage. Crop yield: Lower barley yields were found in plots with no tillage,
compared to conventional tillage (1995-1997: 3,593 vs 4,312 kg/ha). Methods: No
tillage or conventional tillage was used on four plots each (five 10 x 25 m subplots/plot,
with barley monocultures or barley rotations). A mouldboard plough (30 cm depth) and
a cultivator (10-15 cm depth, when needed for weed control) were used for conventional
tillage. Pre-emergence herbicide was used for no tillage. The barley was fertilized (NPK:
200 kg/ha; ammonium nitrate: 200 kg/ha).

A replicated, randomized, controlled study in 2003-2004 in an irrigated field in
Davis, California, USA (6), found lower crop yields in plots with no tillage, compared to
conventional tillage. Crop yield: Lower chickpea yields were found in plots with no
tillage, compared to conventional tillage, in one of two comparisons (with continuous
cropping: 25 vs 193 g dry weight/m?2). Methods: No tillage or conventional tillage was
used on six plots each (67 x 4.7 m plots, three beds/plot). All plots had Cicer arietinum
chickpeas (garbanzo beans) in rotation with other crops. Crop residues were
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incorporated to 20 cm depth, and the beds were shaped, on plots with conventional
tillage (disk, lister, and ring roller). Crop residues were flail mown and spread on the plots
with no tillage. All plots were fertilized in 2003, but not thereafter (112 kg P/ha
phosphorous, 50 kg NPK/ha, and 67 kg N/ha). Cultivation was used to control weeds on
plots with conventional tillage. Hand weeding was used on plots with no tillage. Herbicide
was used on all plots. Some plots were irrigated. Chickpeas were harvested on 28 June
2004.

A replicated, randomized, controlled study in 2002-2005 on three rainfed farms in
the Ebro river valley, Spain (7), found lower crop yields in plots with no tillage, compared
to conventional tillage. Crop yield: Lower barley yields were found in plots with no
tillage, compared to conventional tillage, in four of 10 comparisons (730-3,083 vs 1,314-
3,514 kg/ha). Methods: No tillage or conventional tillage was used on ten plots each
(Pefaflor: three plots each, 33 x 10 m plots; Agramunt: four plots each, 9 x 50 m plots;
Selvanera: three plots each, 7 x 50 m plots). In Pefaflor, a mouldboard plough (30-40 cm
depth) and a cultivator (10-15 cm depth) were used for conventional tillage. In
Agramunt, a mouldboard plough (25-30 cm depth) and a cultivator (15 cm depth) were
used for conventional tillage. In Selvanera, a subsoil plough (40 cm depth) and a cultivator
(15 cm depth) were used for conventional tillage. Herbicide and a seed drill were used
for no tillage.

A replicated, randomized, controlled study in 2005-2007 in a rainfed field in the
central Bekaa Valley, Lebanon (8), found lower seed yields, but higher straw yields, in
plots with no tillage, compared to conventional tillage. Crop yield: Lower seed yields
were found in plots with no tillage, compared to conventional tillage, in one of three crops
(barley seeds: 3,550 vs 4,550 kg/ha), but higher straw yields were found in one of three
crops (safflower straw: 9,950 vs 9,050). Methods: No tillage or conventional tillage was
used on four plots each (14 x 6 m), in October. Conventional plots were ploughed (25-30
cm depth) and then shallowly disk-cultivated. Barley, chickpeas, and safflower were
planted in November. Barley and safflower were fertilized (60-100 kg N/ha). Mature
crops were collected in three quadrats/plot (0.25 m?2 quadrats).

Areplicated, randomized, controlled study in 2003-2005 in an occasionally irrigated
oat field in Portugal (9) found similar crop yields in plots with or without tillage. Crop
yield: Similar oat yields were found in plots with or without tillage (4.2 t/ha). Methods:
Tillage or no tillage was used on four plots each (400 m? plots). A disk plough was used
for tillage (two passes, 15 cm depth). The plots were intercropped with oats and Lupinus
albus lupins in 2003-2004 (residues were retained, and incorporated into the soil in the
plots with tillage) and oats were grown in monoculture in 2004-2005. The plots were
fertilized in 2003-2004 (60 kg P/ha; 100 kg N/ha), but not in 2004-2005.

A replicated, randomized, controlled study in 1986-2008 in a rainfed wheat field in
southern Spain (10) found that tillage had inconsistent effects on crop yields. Crop yield:
Higher wheat yields were found in plots with no tillage, compared to conventional tillage,
in two of five comparisons (3,482-4,698 vs 2,463-3,926 kg/ha), but lower yields were
found in one of five comparisons (4,571 vs 5,216 kg/ha). Methods: No tillage or
conventional tillage was used on three plots each (five subplots/plot, 10 x 5 m subplots,
with different wheat rotations). Mouldboard ploughing, disk harrowing, and/or vibrating
tine cultivation was used for conventional tillage (depth not reported). Pre-emergence
herbicide was used for no tillage. The wheat phase was fertilized with nitrogen in some
sub-subplots (0-150 kg N/ha/year) and phosphorus in all plots (65 kg P/ha/year). Crop
residues were retained. Wheat yields were measured in 2008.
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A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (11) (same study as (4,12,13,15)), found that tillage had
inconsistent effects on the yield of barley straw. Crop yield: More barley straw was found
in plots with no tillage, compared to conventional tillage, in one of six comparisons (511
vs 242 g/m?), but less barley straw was found in one of six comparisons (332 vs 541). In
one of three years, the barley crop failed with conventional tillage, but not with no tillage.
Methods: No tillage or conventional tillage was used on nine plots each (50 x 6 m plots).
A mouldboard plough was used for conventional tillage (25-30 cm depth, 100%
incorporation of crop residues). A seed drill and herbicide were used for no tillage. Two-
thirds of the plots were fertilized (60 or 120 kg N/ha). Mature barley was harvested in
June 2006-2009 (three samples/plot, 50 cm of one row/sample).

A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (12) (same study as (4,11,13,15)), found higher crop yields in
plots with no tillage, compared to conventional tillage. Crop yield: Higher barley yields
were found in plots with no tillage, compared to conventional tillage, in six of nine
comparisons (1,350-2,500 vs 300-700 kg/ha). Methods: No tillage or conventional
tillage was used on nine plots each (50 x 6 m plots). A mouldboard plough was used for
conventional tillage (25-30 cm depth, 100% incorporation of crop residues), in October
or November. A seed drill and herbicide were used for no tillage. Two-thirds of the plots
were fertilized (60 or 120 kg N/ha). Mature barley was harvested in June 2006-2009.

A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (13) (same study as (4,11,12,15)), found higher barley yields
in plots with no tillage, compared to conventional tillage. Crop yield: Higher barley yields
were found in plots with no tillage, compared to conventional tillage (2,062 vs 1,155
kg/ha). Methods: No tillage or conventional tillage was used on nine plots each (50 x 6
m plots). A mouldboard plough was used for conventional tillage (25-30 cm depth, 100%
incorporation of crop residues), in October or November. A seed drill and herbicide were
used for no tillage. Two-thirds of the plots were fertilized (60 or 120 kg N/ha). Mature
barley was harvested in June 2006-2009.

Areplicated, controlled study in 1991-2009 in a rainfed faba bean field in Sicily, Italy
(14), found higher crop yields, but no differences in crop quality, in plots with no tillage,
compared to conventional tillage. Crop yield: Higher faba bean yields were found in plots
with no tillage, compared to conventional tillage (2.36 vs 1.80 Mg grain/ha), but no
differences in straw yields were found (3.93 vs 3.86 Mg straw/ha). Crop quality: No
differences were found in faba bean seed weight (99 vs 98 g/100 seeds), or the number
of seeds/pod (2.7 vs 2.6), in plots with no tillage, compared to conventional tillage.
Methods: No tillage or conventional tillage was used on two plots each (18.5 x 20 m
plots). A mouldboard plough (30 cm depth; in summer) and a harrow (depth not
reported; before sowing) were used for conventional tillage. Herbicide (before sowing)
and a seed drill were used for no tillage. In all plots, a hoe was used to control weeds
(depth not reported; 1-2 times/year). Faba beans were grown in rotation with durum
wheat. During durum wheat growth, herbicide was used in all plots. All plots were
fertilized (46 kg P20s/ha). Faba beans were sown in December and harvested at maturity
(month not reported). Yield and quality were measured in three samples/plot (four
rows/sample, 3 m rows).

A replicated, randomized, controlled study in 1996-2008 in a rainfed barley field in
the Ebro river Valley, Spain (15) (same study as (4,11-13)), found more barley straw in
plots with no tillage, compared to conventional tillage, in two of three comparisons. Crop
yield: More barley straw was found in plots with no tillage, compared to conventional
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tillage, in two of three comparisons (2,083-2,265 vs 1,571-1,748 kg/ha). Methods:
There were nine plots (50 x 6 m) for each of two tillage treatments (no tillage: pre-
emergence herbicide; conventional tillage: mouldboard plough, 25-30 cm depth). Plots
were tilled in October or November. Two-thirds of the plots were fertilized (60 or 120 kg
N/ha/year). Barley was harvested in June.

A replicated, controlled study in 1991-2009 in a rainfed wheat field in Sicily, Italy
(16), found less protein in wheat that was grown on plots with no tillage, compared to
conventional tillage. Crop yield: Similar wheat yields were found in plots with no tillage
or conventional tillage (4 Mg/ha). Crop quality: Less protein was found in wheat that
was grown in plots with no tillage, compared to conventional tillage (135 vs 144 g/kg).
Methods: No tillage or conventional tillage was used on six plots each (19 x 20 m
subplots). Conventional tillage was mouldboard ploughing in summer (30 cm depth) and
harrowing before planting (two passes). No tillage was direct drilling and pre-emergence
herbicide. The plots had either faba bean-wheat, clover-wheat, or wheat-wheat rotations.
Fertilizer and post-emergence herbicide were used on all plots. Yield was measured in
three samples/plot/year (8.6 x 8.6 m), in 1996-2009.

A replicated, randomized, controlled study in 2009-2011 in two irrigated pepper
fields in central Italy (17) found that tillage had inconsistent effects on crop yields. Crop
yield: Higher pepper yields were found in plots with no tillage, compared to conventional
tillage, in five of eight comparisons (14-38 vs 6-20 t/ha, fresh weight), but lower yields
were found in one of eight comparisons (21 vs 26). Methods: A mouldboard plough (30
cm depth) was used on all plots in autumn, before winter cover crops were planted. Cover
crops were mown or chopped in spring, before tillage. No tillage or conventional tillage
was used on 12 plots each (6 x 12 m plots), in May 2010-2011. A mouldboard plough (30
cm depth) and a disk (two passes) were used for conventional tillage (which incorporated
the cover crop residues into the soil). Cover crop residues were mulched and herbicide
was used for no tillage. Pepper seedlings were transplanted into the plots in May, and
fruits were harvested twice/year in August-October 2010-2011. All plots were fertilized
before the cover crops, but not after. All plots were irrigated.

A replicated, randomized, controlled study in 2009-2012 in two irrigated vegetable
fields in central Italy (18) found higher crop yields in plots with no tillage, compared to
conventional tillage. Crop yield: Higher crop yields were found in plots with no tillage,
compared to conventional tillage, in two of six comparisons (in plots with hairy vetch as
a winter cover crop: 23 vs 17 t/ha endive; 23 vs 15 t/ha savoy cabbage; fresh weights).
Methods: No tillage or conventional tillage was used on nine plots each (6 x 4 m plots).
Each plot had a winter cover crop (hairy vetch, oats, or oilseed rape). Cover crops were
sown in September 2009-2010 and suppressed in May 2010-2011. A mouldboard
plough and a disk harrow (two passes) were used for conventional tillage (incorporating
the cover crop residues to 30 cm depth). The cover crop residues were gathered into
strips of mulch (50 cm wide, along crop rows) in plots with no tillage. Pepper seedlings
were transplanted into these plots in May 2010-2011 and were last harvested in October
2010 and September 2011. After the pepper harvest, endive and savoy cabbage seedlings
were transplanted into these plots, and they were harvested in December 2010 and
November 2011 (endive) or March 2011 and February 2012 (cabbage). No fertilizer was
added while the crops were growing, but the plots were irrigated. It was not clear
whether these results were a direct effect of tillage or mulch.

A replicated, randomized, controlled study in 2008-2013 in a rainfed wheat-
sunflower-pea field near Seville, Spain (19), found lower crop yields, and differences in
crop quality, in plots with no tillage, compared to conventional tillage. Crop yield: Lower
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crop yields were found in plots with no tillage, compared to conventional tillage, in two
of five comparisons (sunflower seeds in 2013: 105 vs 3,520 kg/ha; wheat grain in 2012:
2,940 vs 3,860 kg/ha). Crop quality: Less oil, less of nine nutrients, more saturated and
monounsaturated fatty acid, and less polyunsaturated fatty acid were found in sunflower
seeds in plots with no tillage, compared to conventional tillage (34% vs 48% oil; see
publication for other results). Methods: No tillage or conventional tillage was used on
three plots each (6 x 33.5 m plots). A mouldboard plough (25-30 cm depth), a chisel
plough (25 cm depth, twice/year), and a disk harrow (12 cm depth) were used for
conventional tillage. A seed drill and herbicide were used for no tillage. Wheat,
sunflowers, and peas were grown in rotation. Wheat was fertilized, but sunflowers and
peas were not. Sunflowers were sown in May 2013 (three months later than usual) and
harvested in September. Yield and quality were measured in 16 sunflower heads/plot.

A replicated, randomized, controlled study in 1987-2010 in rainfed cereal fields in
the Ebro river valley, Spain (20), found higher crop yields in plots with no tillage,
compared to conventional tillage. Crop yield: Higher grain yields were found in plots
with no tillage, compared to conventional tillage (4,449 vs 4,210 kg/ha). Crop quality:
Heavier grains were found in plots with no tillage, compared to conventional tillage (35
vs 32 mg/grain). Methods: No tillage or conventional tillage was used on ten plot each
(Pefialba: three plots each, 34 x 175 m plots, established in 2005; Agramunt: four plots
each, 9 x 50 m plots, established in 1990; Selvanera: three plots each, 7 x 50 m plots,
established in 1987). In Pefalba, a disk plough (20 cm depth) and a cultivator (10 cm
depth) were used for conventional tillage. In Agramunt, a mouldboard plough (25 cm
depth) and a cultivator (15 cm depth) were used for conventional tillage. In Selvanera, a
subsoil plough (40 cm depth) and a chisel plough (15 cm depth) were used for
conventional tillage. Herbicide was used for no tillage. Barley (Pefialba) or wheat
(Agramunt and Selvanera) was planted in November 2009 with a seed drill (2-4 cm
depth) and harvested in June-July 2010.

Areplicated, randomized, controlled study in 1996-2013 in two rainfed barley fields
in northeast Spain (21) found higher crop yields in plots with no tillage, compared to
conventional tillage. Crop yield: Higher barley yields were found in plots with no tillage,
compared to conventional tillage (1,554-5,692 vs 246-2,263 kg/ha). Methods: No tillage
or conventional tillage was used on three plots each, in each of two fields (from 2010-
2013 in the short-term field, and from 1996-2013 in the long-term field; plots size not
clearly reported). A mouldboard plough (25 cm depth) and a cultivator (15 cm depth)
were used for conventional tillage in the long-term field, and a chisel plough was used in
the short-term field (depth not reported), in September-October. For no tillage, the
residues were chopped and spread, and pre-emergence herbicide was used. Some plots
were fertilized (0-150 kg N/ha). Crop yield was measured in 2011 (short-term field) and
2011-2013 (long-term field; the reported yield was the sum of three years).

A replicated, randomized, controlled study in 1994-2009 in a pea field near Madrid,
Spain (22), found higher pea yields and different crop qualities in plots with no tillage,
compared to conventional tillage. Crop yield: Higher pea yields were found in plots with
no tillage, compared to conventional tillage, in one of four comparisons (0.6 vs 0.3 t/ha),
but no differences in straw yields were found (2.6-3.5 vs 2.3-3.3 t/ha). Crop quality:
Smaller peas were found in plots with no tillage, compared to conventional tillage, in one
of four comparisons (238 vs 267 g/1,000 peas). Longer pea pods were found in plots with
no tillage, compared to conventional tillage, in one of four comparisons (7.0 vs 6.5 cm),
but shorter pods, with fewer peas, were found in one of four comparisons (5.9 vs 6.6 cm
pods, 5.4 vs 6.4 peas/pod). Methods: No tillage or conventional tillage was used on four
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plots each (each with three 10 x 25 m sub-plots, with different pea-cereal rotations), in
October or November. A mouldboard plough was used for conventional tillage (30 cm
depth). A seed drill and herbicide were used for no tillage. Peas were planted in
November 2005-2008 and harvested in June 2006-2009. The peas were not fertilized.

A replicated, randomized, controlled study in 2009-2011 in an irrigated eggplant
field in central Italy (23) found that tillage had inconsistent effects on crop yield. Crop
yield: Higher eggplant yields were found in plots with no tillage, compared to
conventional tillage, in two of four comparisons (18-38 vs 14-32 Mg/ha fresh weight),
but lower yields were found in one of four comparisons (11 vs 18). Methods: A
mouldboard plough (30 cm depth) was used on all plots in autumn, before the winter
cover crops were planted. The cover crops were mown or chopped in spring, before
tillage. No tillage or conventional tillage was used on 12 plots each (6 x 4 m plots). A
mouldboard plough (30 cm depth) and a disk (two passes) were used for conventional
tillage (which incorporated the cover crop residues into the soil). Cover crop residues
were mulched and herbicide was used for no tillage. Eggplant seedlings were
transplanted into the plots in May, and fruits were harvested four times/year in July-
September 2010-2011. All plots were fertilized before the cover crops were grown, but
not after. All plots were irrigated.
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Use no tillage instead of reduced tillage: Crop production (15
studies)

Crop yield (15 studies)

o Cereals (7 studies): Three replicated, randomized, controlled studies from Spain24.13
found higher cereal yields in plots with no tillage, compared to reduced tillage. One of
these studies? also found lower cereal yields in some comparisons. One replicated,
randomized, controlled study from Spain'" found lower cereal yields in plots with no
tillage, compared to reduced tillage, in some comparisons. Three replicated,
randomized, controlled studies from Australia’?, Lebanon?, and Spain' found similar
cereal yields in plots with no tillage or reduced tillage, in all comparisons.

o Fruits and vegetables (3 studies): Three replicated, randomized, controlled studies from
Italy®.1015 found lower fruit or vegetable yields in plots with no tillage, compared to
reduced tillage, in some comparisons. Two of these studies® 5 also found higher yields,
in some comparisons.

o Legumes (3 studies): Two replicated, controlled studies from ltaly” and Spain4 found
higher legume yields in plots with no tillage, compared to reduced tillage, in some
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comparisons'* or all comparisons’. One replicated, controlled study from Lebanon3
found similar legume yields in plots with no tillage, compared to reduced tillage, in all
comparisons.

o Qilseeds (1 study): One replicated, randomized, controlled study from Spain'" found
lower sunflower seed yields in plots with no tillage, compared to reduced tillage, in some
comparisons.

o Crop residues (6 studies): Three replicated, controlled studies from Lebanon?® and
Spain814 found higher straw yields in plots with no tillage, compared to reduced tillage,
in some comparisons®'4 or all comparisons3. One replicated, randomized, controlled
study from Spain® found lower straw yields in plots with no tillage, compared to reduced
tillage. Two replicated, controlled studies from Italy” and Spainé found similar straw yields
in plots with no tillage or reduced tillage, in all comparisons.

e Crop quality (3 studies): One replicated, randomized, controlled study from Spain'4 found
larger peas, and more peas in a pod, in plots with no tillage, compared to reduced tillage, in one
of four comparisons. One replicated, controlled study from Italy” found similarly sized faba beans,
and similar numbers of beans in a pod, in plots with no tillage, compared to reduced tillage. One
replicated, randomized, controlled study from Spain'! found differences in the nutritional values
of sunflower seeds in plots with no tillage, compared to reduced tillage.

A replicated, randomized, controlled study in 1983-1996 in a rainfed wheat field in the
Henares river valley, Spain (1), found similar crop yields in plots with no tillage or
reduced tillage. Crop yield: Similar wheat yields were found in plots with no tillage or
reduced tillage (2.7 vs 2.6 Mg/ha). Methods: No tillage or reduced tillage was used on
four plots each. Each plot had two subplots (20 x 30 m, with or without crop rotations).
A chisel plough (20 cm depth, in autumn) and a tine cultivator (10-15 cm depth, two
passes, in spring) were used for reduced tillage. A seed drill and pre-emergence herbicide
were used for no tillage. Fertilizer and post-emergence herbicide were used on all plots.
Wheat was harvested at maturity (July 1996), and yield was measured in two
strips/subplot (1.4 x 30 m strips).

A replicated, randomized, controlled study in 1996-1999 in three rainfed barley
fields in the Ebro river valley, Spain (2), found that tillage had inconsistent effects on crop
yields. Crop yield: Higher grain yields were found in plots with no tillage, compared to
reduced tillage, in one of nine comparisons (3,645 vs 2,507 kg/ha), but lower grain yields
were found in two of nine comparisons (770-1,247 vs 1,043-1,749 kg/ha). Methods: No
tillage or reduced tillage was used on 27 plots each (50 x 6 m plots). A cultivator (10-15
cm depth, 1-2 passes) was used for reduced tillage, in September. Herbicide was used for
no tillage. Two-thirds of the plots were fertilized (50-75 or 100-150 kg N/ha). Barley
was sown, with a seed drill, in October-November (month of harvest not reported).

A replicated, randomized, controlled study in 2005-2007 in a rainfed field in the
central Bekaa Valley, Lebanon (3), found higher seed and straw yields in plots with no
tillage, compared to reduced tillage. Crop yield: Higher seed and straw yields were found
in plots with no tillage, compared to reduced tillage, in one of three crops (safflower seed:
2,600 vs 1,900 kg/ha; safflower straw: 9,950 vs 7,450). Methods: No tillage or reduced
tillage (shallow disc cultivation, 10 cm depth) was used in four plots each (14 x 6 m), in
October. Barley, chickpeas, and safflower were planted in November. Barley and
safflower were fertilized (60-100 kg N/ha). Mature crops were collected in three
quadrats/plot (0.25 m?2 quadrats).
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A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (4) (same study as (5,6)), found higher barley yields in plots
with no tillage, compared to reduced tillage. Crop yield: Higher barley yields were found
in plots with no tillage, compared to reduced tillage (2,062 vs 1,792 kg/ha). Methods: No
tillage or reduced tillage was used on nine plots each (50 x 6 m plots). A cultivator was
used for reduced tillage (10-15 cm depth, 50% incorporation of crop residues), in
October or November. A seed drill and herbicide were used for no tillage. Two-thirds of
the plots were fertilized (60 or 120 kg N/ha). Mature barley was harvested in June 2006-
20009.

A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (5) (same study as (4,6)), found similar crop yields in plots
with no tillage or reduced tillage. Crop yield: Similar barley yields were found in plots
with no tillage, compared to reduced tillage (1,350-4,400 vs 1,050-4,100 kg/ha).
Methods: No tillage or reduced tillage was used on nine plots each (50 x 6 m plots). A
cultivator was used for reduced tillage (10-15 cm depth, 50% incorporation of crop
residues), in October or November. A seed drill and herbicide were used for no tillage.
Two-thirds of the plots were fertilized (60 or 120 kg N/ha). Mature barley was harvested
in June 2006-2009.

A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (6) (same study as (4,5)), found less barley straw in plots with
no tillage, compared to reduced tillage, in one of nine comparisons. Crop yield: Less
barley straw was found in plots with no tillage, compared to reduced tillage, in one of nine
comparisons (321 vs 456 g/m?2). Methods: No tillage or reduced tillage was used on nine
plots each (50 x 6 m plots). A cultivator was used for reduced tillage (10-15 cm depth,
50% incorporation of crop residues). A seed drill and herbicide were used for no tillage.
Two-thirds of the plots were fertilized (60 or 120 kg N/ha). Mature barley was harvested
in June 2006-2009 (three samples/plot, 50 cm of one row/sample).

Areplicated, controlled study in 1991-2009 in a rainfed faba bean field in Sicily, Italy
(7), found higher crop yields, and no differences in crop quality, in plots with no tillage,
compared to reduced tillage. Crop yield: Higher faba bean yields were found in plots with
no tillage, compared to reduced tillage (2.36 vs 1.91 Mg grain/ha), but no differences in
straw yields were found (3.93 vs 3.80 Mg straw/ha). Crop quality: No differences were
found in faba bean seed weight (99 g/100 seeds), or number of seeds/pod (2.7 vs 2.6), in
plots with no tillage, compared to reduced tillage. Methods: No tillage or reduced tillage
was used on two plots each (18.5 x 20 m plots). A chisel plough (40 cm depth), a
mouldboard plough (15 cm depth, in 1991-1998), and a harrow (depth not reported;
before sowing) were used for reduced tillage. Herbicide (before sowing) and a seed drill
were used for no tillage. In all plots, a hoe was used to control weeds (depth not reported;
1-2 times/year). Faba beans were grown in rotation with durum wheat. During durum
wheat growth, herbicide was used in all plots. All plots were fertilized (46 kg P20s/ha).
Faba beans were sown in December and harvested at maturity (month not reported).
Yield and quality were measured in three samples/plot (four rows/sample, 3 m rows).

A replicated, randomized, controlled study in 1996-2008 in a rainfed barley field in
the Ebro river Valley, Spain (8), found more barley straw in plots with no tillage,
compared to reduced tillage, in two of three comparisons. Crop yield: More barley straw
was found in plots with no tillage, compared to reduced tillage, in two of three
comparisons (2,083-2,265 vs 1,612-1,679 kg/ha). Methods: There were nine plots (50
x 6 m) for each of two tillage treatments (no tillage: pre-emergence herbicide and seed
drill; reduced tillage: cultivator, 10-15 cm depth). Plots were tilled in October or
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November. Two-thirds of the plots were fertilized (60 or 120 kg N/ha/year). Barley was
harvested in June.

A replicated, randomized, controlled study in 2009-2011 in two irrigated pepper
fields in central Italy (9) found that tillage had inconsistent effects on crop yields. Crop
yield: Higher pepper yields were found in plots with no tillage, compared to reduced
tillage, in four of eight comparisons (18-38 vs 7-18 t/ha, fresh weight), but lower yields
were found in one of eight comparisons (10 vs 15). Methods: A mouldboard plough (30
cm depth) was used on all plots in autumn, before winter cover crops were planted. Cover
crops were mown or chopped in spring, before tillage. No tillage or reduced tillage was
used on 12 plots each (6 x 12 m plots), in May 2010-2011. A rotary hoe (10 cm depth)
was used for reduced tillage (which incorporated the cover crop residues into the soil).
Cover crop residues were mulched and herbicide was used for no tillage. Pepper
seedlings were transplanted into the plots in May, and fruits were harvested twice/year
in August-October 2010-2011. All plots were fertilized before the cover crops, but not
after. All plots were irrigated.

A replicated, randomized, controlled study in 2009-2012 in two irrigated vegetable
fields in central Italy (10) found lower crop yields in plots with no tillage, compared to
reduced tillage. Crop yield: Lower crop yields were found in plots with no tillage,
compared to reduced tillage, in one of six comparisons (in plots with oilseed rape as the
winter cover crop: 5 vs 11 t/ha endive, fresh weight). Methods: Reduced tillage or no
tillage was used on nine plots each (6 x 4 m plots). Each plot had a winter cover crop
(hairy vetch, oats, or oilseed rape). Cover crops were sown in September 2009-2010 and
suppressed in May 2010-2011. A rotary hoe was used for reduced tillage (incorporating
the cover crop residues to 10 cm depth). The cover crop residues were gathered into
strips of mulch (50 cm wide, along crop rows) in plots with no tillage. Pepper seedlings
were transplanted into these plots in May 2010-2011 and were last harvested in October
2010 and September 2011. After the pepper harvest, endive and savoy cabbage seedlings
were transplanted into these plots, and they were harvested in December 2010 and
November 2011 (endive) or March 2011 and February 2012 (cabbage). No fertilizer was
added while the crops were growing, but the plots were irrigated. It was not clear
whether these results were a direct effect of tillage or mulch.

A replicated, randomized, controlled study in 2008-2013 in a rainfed wheat-
sunflower-pea field near Seville, Spain (11), found lower crop yields and differences in
crop quality in plots with no tillage, compared to reduced tillage, in some comparisons.
Crop yield: Lower crop yields were found in plots with no tillage, compared to reduced
tillage, in two of five comparisons (sunflower seeds in 2013: 105 vs 3,839 kg/ha; wheat
grain in 2012: 2,940 vs 3,985 kg/ha). Crop quality: Less oil, more zinc, more saturated
and polyunsaturated fatty acid, and less monounsaturated fatty acid were found in
sunflower seeds in plots with no tillage, compared to reduced tillage (34% vs 50% oil;
see publication for other results). Methods: No tillage or reduced tillage was used on
three plots each (6 x 33.5 m plots). A chisel plough (25 cm depth), a disc harrow (5 cm
depth), and herbicide were used for reduced tillage. A seed drill and herbicide were used
for no tillage. Wheat, sunflowers, and peas were grown in rotation. Wheat was fertilized,
but sunflowers and peas were not. Sunflowers were sown in May 2013 (three months
later than usual) and harvested in September. Yield and quality were measured in 16
sunflower heads/plot.

A replicated, randomized, controlled study in 2010-2011 in a rainfed wheat field in
Australia (12) found similar crop yields in plots with no tillage or reduced tillage. Crop
yield: Similar wheat yields were found in plots with no tillage or reduced tillage (2,600
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kg/ha). Methods: No tillage or reduced tillage was used on three plots each (1.4 x 40 m
plots) in 2010, when the plots were fallow. A rotary hoe (12 cm depth) was used for
reduced tillage. Herbicide was used for no tillage. Wheat was grown on all plots in 2011.
Fertilizer (150 kg/ha) and herbicides were used on all plots in 2011.

A replicated, randomized, controlled study in 1987-2010 in rainfed cereal fields in
the Ebro river valley, Spain (13), found higher crop yields in plots with no tillage,
compared to reduced tillage. Crop yield: Higher grain yields were found in plots with no
tillage, compared to reduced tillage (4,449 vs 3,923 kg/ha). Methods: No tillage or
reduced tillage was used on ten plot each (Pefalba: three plots each, 34 x 175 m plots,
established in 2005; Agramunt: four plots each, 9 x 50 m plots, established in 1990;
Selvanera: three plots each, 7 x 50 m plots, established in 1987). A cultivator (Pefialba: 10
cm depth; Agramunt: 15 cm) or a chisel plough (Selvanera: 15 cm) was used for reduced
tillage. Herbicide was used for no tillage. Barley (Pefialba) or wheat (Agramunt and
Selvanera) was planted in November 2009 with a seed drill (2-4 cm depth) and harvested
in June-July 2010.

Areplicated, randomized, controlled study in 1994-2009 in a rainfed pea-cereal field
near Madrid, Spain (14), found higher pea yields, larger peas, and/or more peas/pod in
plots with no tillage, compared to reduced tillage. Crop yield: Higher grain and straw
yields were found in plots with no tillage, compared to reduced tillage, in one of four
comparisons (peas, grain: 0.6 vs 0.08 t/ha; straw: 2.9 vs 1.5 t/ha). Crop quality: Larger
peas and more peas/pod were found in plots with no tillage, compared to reduced tillage,
in one of four comparisons (154 vs 80 g/1,000 peas; 5.4 vs 4.8 peas/pod), but no
difference in the length of pea pods was found (5.9-7.0 vs 5.7-7.0 cm). Methods: No
tillage or reduced tillage was used on four plots each (each with three 10 x 25 m sub-
plots, with different pea-cereal rotations), in October or November. A chisel plough was
used for reduced tillage (10 cm depth). A seed drill and herbicide were used for no tillage.
Peas were planted in November 2005-2008 and harvested in June 2006-2009. The peas
were not fertilized.

A replicated, randomized, controlled study in 2009-2011 in an irrigated eggplant
field in central Italy (15) found that tillage had inconsistent effects on crop yield. Crop
yield: Higher eggplant yields were found in plots with no tillage, compared to reduced
tillage, in one of four comparisons (18 vs 7 Mg/ha fresh weight), but lower yields were
found in two of four comparisons (11-18 vs 21-25). Methods: A mouldboard plough (30
cm depth) was used on all plots in autumn, before winter cover crops were planted. Cover
crops were mown or chopped in spring, before tillage. No tillage or reduced tillage was
used on 12 plots each (6 x 4 m plots). A rotary hoe (10 cm depth) was used for reduced
tillage (which incorporated some of the cover crop residues into the soil). Cover crop
residues were mulched and herbicide was used for no tillage. Eggplant seedlings were
transplanted into the plots in May, and fruits were harvested four times/year in July-
September 2010-2011. All plots were fertilized before the cover crops were grown, but
not after. All plots were irrigated.

(D Hernanz, J.L., Lopez, R, Navarrete, L. & Sanchez-Girén, V. (2002) Long-term effects of tillage
systems and rotations on soil structural stability and organic carbon stratification in semiarid
central Spain. Soil and Tillage Research, 66, 129-141.

(2) Angas, P., Lampurlanés, ]. & Cantero-Martinez, C. (2006) Tillage and N fertilization: Effects on N
dynamics and Barley yield under semiarid Mediterranean conditions. Soil and Tillage Research,
87,59-71.

3) Yau, S.K,, Sidahmed, M. & Haidar, M. (2010) Conservation versus Conventional Tillage on
Performance of Three Different Crops. Agronomy Journal, 102, 269-276.
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Use reduced tillage in arable fields: Crop production (26
studies)

Crop yield (25 studies)

o Cereals (16 studies): Nine replicated, controlled studies from Egypt, France, Spain, and
Turkey357.11-1425 found higher cereal yields in plots with reduced tillage, compared to
conventional tillage, in some comparisons35.11.13.1425 or all comparisons*'2. Three of
these studies®7.25 also found lower cereal yields in plots with reduced tillage, compared
to conventional tillage, in some comparisons. Three replicated, randomized, controlled
studies from Lebanon and Spain810.22 found lower cereal yields in plots with reduced
tillage, compared to conventional tillage. Four replicated, controlled studies from Italy,
Spain, and the USA'9.1821 found similar cereal yields in plots with reduced tillage or
conventional tillage, in all comparisons. One replicated, randomized, controlled study
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from Spain' found that crops failed in plots with conventional tillage, but not in plots with
reduced tillage, in one of three comparisons.

o Fruits and vegetables (7 studies): Five replicated, randomized, controlled studies from
ltaly and the USA2820.24.26 found higher fruit or vegetable yields in plots with reduced
tillage, compared to conventional tillage, in some comparisons. Two of these studies228
also found lower fruit or vegetable yields in plots with reduced tillage, compared to
conventional tillage, in some comparisons. Two replicated, controlled studies from Italy
and the USA16.19 found similar fruit yields in plots with reduced tillage or conventional
tillage, in all comparisons. All fruit or vegetable plots were irrigated, in contrast to most
cereal or legume plots.

o Legumes (3 studies): One replicated, randomized, controlled study from Spain23 found
lower legume vyields in plots with reduced tillage, compared to conventional tillage, in
one of four comparisons. Two replicated, controlled studies from Italy and Lebanon?0.15
found similar legume yields in plots with reduced tillage or conventional tillage, in all
comparisons. No studies found higher legume yields in plots with reduced tillage,
compared to conventional tillage.

o Oilseeds (1 study): One replicated, randomized, controlled study from Spain? found
higher rapeseed yields in plots with reduced tillage, compared to conventional tillage.

o Crop residues (6 studies): Two replicated, randomized, controlled studies from Lebanon
and Spain023 found lower straw yields in plots with reduced tillage, compared to
conventional tillage, in some comparisons. One replicated, randomized, controlled study
from Spain'# found higher straw yields in plots with reduced tillage, compared to
conventional tillage, in some comparisons. Two replicated, controlled studies from Italy
and Spain'®17 found similar straw yields in plots with reduced tillage or conventional
tillage, in all comparisons. One replicated, randomized, controlled study from the USA24
found higher cover crop biomass in plots with reduced tillage, compared to conventional
tillage.

Crop quality (7 studies): One replicated, randomized, controlled study from Spain2' found that
sunflower seeds had more oil, more monounsaturated fatty acid, and less polyunsaturated fatty
acid in plots with reduced tillage, compared to conventional tillage. One replicated, controlled
study from Italy'® found that wheat had a lower protein content in plots with reduced tillage,
compared to conventional tillage. Two replicated, controlled studies from ltaly and Turkey#15
found similar seed weights in plots with reduced tillage, compared to conventional tillage. One
replicated, randomized, controlled study from the USA?2 found that lettuce or broccoli plants were
larger in plots with reduced tillage, compared to conventional tillage, in some comparisons, but
they were smaller in other comparisons.

Implementation options (2 studies): One replicated, randomized, controlled study from Egypt25
found higher wheat yields in plots that were tilled at slower speeds. One replicated, randomized,
controlled study from Turkey# found higher wheat yields, but lower vetch yields, in plots with one
type of reduced tillage (rototilling and disking), compared to another type (double disking).

A replicated, randomized, controlled study in 1983-1996 in a rainfed wheat field in the
Henares river valley, Spain (1), found similar crop yields in plots with reduced tillage or
conventional tillage. Crop yield: Similar wheat yields were found in plots with reduced
tillage or conventional tillage (2.6 vs 2.5 Mg/ha). Methods: Conventional tillage or
reduced tillage was used on four plots each. Each plot had two subplots (20 x 30 m, with
or without crop rotations). A mouldboard plough (30 cm depth) was used for
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conventional tillage, in autumn. A chisel plough (20 cm depth) was used for reduced
tillage, in autumn. A tine cultivator (10-15 cm depth, two passes) was used for both
conventional and reduced tillage, in spring. Fertilizer and post-emergence herbicide were
used on all plots. Wheat was harvested at maturity (July 1996), and yield was measured
in two strips/subplot (1.4 x 30 m strips).

A replicated, randomized, controlled study in 1998-2000 in an irrigated vegetable
field in the Salinas Valley, California, USA (2), found that tillage had inconsistent effects
on crop yield and quality. Crop yield: Lower broccoli yields were found in plots with
reduced tillage, compared to conventional tillage (610-620 vs 630-640 g dry
weight/m?). Higher lettuce yields were found in plots with reduced tillage, compared to
conventional tillage, in two of six comparisons (310-410 vs 300-390 g dry weight/m?2),
but lower lettuce yields were found in two of six comparisons (280-390 vs 300-430).
Crop quality: Smaller lettuce or broccoli plants were found in plots with reduced tillage,
compared to conventional tillage, in five of eight comparisons (lettuce: 750-1,080 vs
830-1,150 g fresh weight/plant; broccoli: 240 vs 270), but larger plants were found in
two of eight comparisons (lettuce: 1,090 vs 1,050; broccoli: 230 vs 210). Methods: There
were four plots (0.52 ha), for each of four treatments (reduced tillage or conventional
tillage, with or without added organic matter). In plots with added organic matter,
compost was added two times/year, and a cover crop (Merced rye) was grown every
autumn or winter. Lettuce or broccoli crops were grown in raised beds. Sprinklers and
drip irrigation were used in all plots. Soils were disturbed to different depths
(conventional tillage: disking to 50 cm depth, cultivating, sub-soiling, bed re-making, and
bed-shaping; reduced tillage: cultivating to 20 cm depth, rolling, and bed-shaping). Crops
were collected in two 2 m?2 areas/plot.

A replicated, randomized, controlled study in 1996-1999 in three rainfed barley
fields in the Ebro river valley, Spain (3) (same study as (12-14,17)), found that tillage had
inconsistent effects on crop yields. Crop yield: Higher barley yields were found in plots
with reduced tillage, compared to conventional tillage, in one of nine comparisons (2,507
vs 1,557 kg grain/ha), but lower barley yields were found in one of nine comparisons
(1,043 vs 1,672 kg grain/ha). Methods: Reduced tillage or conventional tillage was used
on 27 plots each (50 x 6 m plots). A mouldboard plough (25-30 cm depth) and a cultivator
(15 cm depth, 1-2 passes) were used for conventional tillage, in August-September. A
cultivator (10-15 cm depth, 1-2 passes) was used for reduced tillage, in September. Two-
thirds of the plots were fertilized (50-75 or 100-150 kg N/ha). Barley was sown, with a
seed drill, in October-November.

A replicated, randomized, controlled study in 2001-2004 in a rainfed wheat-vetch
field in the Marmara region, Turkey (4) (same study as (5)), found higher wheat yields in
plots with reduced tillage, compared to conventional tillage. Different types of reduced
tillage had different effects on wheat and vetch yields. Crop yield: Higher wheat yields
were found in plots with reduced tillage, compared to conventional tillage (4,821-5,057
vs 4,683 kg/ha), but similar vetch yields were found (2,462-3,764 vs 3,593 kg/ha). Crop
quality: Similar seed weights were found in plots with reduced tillage or conventional
tillage (35.8-38.9vs 37.8 g/1,000 seeds). Implementation options: Higher wheat yields,
but lower vetch yields, were found in plots that were rototilled and disked, compared to
plots that were double disked (wheat: 5,057 vs 4,821 kg/ha; vetch: 2,462 vs 3,764), and
similar seed weights were found (38.9 vs 35.8 g/1,000 seeds). Methods: Conventional
tillage with a mouldboard plough (20-22 cm depth) and a double disc (two passes, 8-10
cm depth), reduced tillage with a rototiller (20-22 cm depth) and a double disc (one pass,
8-10 cm), or reduced tillage with a double disc (two passes, 8-10 cm) was used on three
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plots each (15 x 75 m plots). Fertilizer and herbicide were used on all plots. Wheat was
sown in December 2001, October 2002, and November 2003. Vetch was sown in
December 2001, November 2002, and December 2003. Wheat and vetch were harvested
in June 2002-2004 (3 m2 samples, three/plot).

A replicated, randomized, controlled study in 2001-2003 in a rainfed wheat field in
northwest Turkey (5) (same study as (4)) found higher crop yields in plots with reduced
tillage, compared to conventional tillage, in one of four comparisons. Crop yield: Higher
wheat yields were found in plots with reduced tillage, compared to conventional tillage,
in one of four comparisons (rototiller in 2002: 4,055 vs 3,540 kg/ha). Methods:
Conventional tillage with a mouldboard plough, reduced tillage with a rototiller, or
reduced tillage with a disc was used on three plots each (75 x 15 m plots). Fertilizer and
herbicide were used on all plots. Winter wheat was planted in December 2001 and
October 2002 and harvested in June 2002 and 2003. Crop yields were measured in three
sections/plot (3 m2 sections).

A replicated, randomized, controlled study in 1993-2000 in a rainfed field near
Madrid, Spain (6), found lower crop yields in plots with reduced tillage, compared to
conventional tillage. Crop yield: Lower barley yields were found in plots with reduced
tillage, compared to conventional tillage (3,061 vs 4,312 kg/ha). Methods: Conventional
tillage or reduced tillage was used on 20 subplots each (10 x 25 m subplots). Barley-
barley, barley-vetch, or barley-fallow rotations were used on the subplots. A mouldboard
plough (30 cm depth) was used for conventional tillage. A chisel plough (20 cm depth)
was used for reduced tillage. Barley was fertilized, but vetch and fallows were not.
Herbicide was used when needed. Barley was sown in October and harvested in June. Soil
samples were collected after harvest (0-90 cm depth; nitrogen was measured at 0-30 cm
depth; phosphorus and potassium at 0-80 cm depth).

A replicated, randomized, controlled study in 2002-2005 on three rainfed farms in
the Ebro river valley, Spain (7), found that tillage had inconsistent effects on crop yield.
Crop yield: Lower crop yields were found in plots with reduced tillage, compared to
conventional tillage, in three of 10 comparisons (barley: 2,273-3,071 vs 2,493-3,514
kg/ha; wheat: 1,830 vs 2,703), but higher yields were found in two of 10 comparisons
(rapeseed: 1,783 vs 1,261 kg/ha; wheat: 911 vs 798). Methods: Reduced tillage or
conventional tillage was used on ten plots each (Pefaflor: three plots each, 33 x 10 m
plots; Agramunt: four plots each, 9 x 50 m plots; Selvanera: three plots each, 7 x 50 m
plots). In Penaflor, a mouldboard plough (30-40 cm depth) and a cultivator (10-15 cm
depth) were used for conventional tillage. In Agramunt, a mouldboard plough (25-30 cm
depth) and a cultivator (15 cm depth) were used for conventional tillage. In Selvanera, a
subsoil plough (40 cm depth) and a cultivator (15 cm depth) were used for conventional
tillage. A cultivator (Agramunt and Selvanera: 15 cm depth) or chisel plough (Penaflor:
25-30 cm depth) was used for reduced tillage.

A replicated, randomized, controlled study in 1999-2003 in an irrigated tomato-
cotton field in the San Joaquin Valley, California, USA (8) (same study as (24)), found
higher tomato yields in plots with reduced tillage, compared to conventional tillage. Crop
yield: Higher tomato yields were found in plots with reduced tillage, compared to
conventional tillage, in one of two comparisons (without winter cover crops: 58 vs 50
t/ha). Methods: Reduced tillage or conventional tillage was used on eight tomato plots
each, in 1999-2003. The plots (9 x 82 m) had six raised beds each. Winter cover crops
(triticale, rye, and vetch) were planted on half of the plots, in October 1999-2002, and
crop residues were chopped in March. Different numbers of tillage practices were used
for conventional tillage (19-23 tractor passes, including disc and chisel ploughing) and
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reduced tillage (11-12 tractor passes, not including disc and chisel ploughing). Tomato
seedlings were transplanted in April 2000-2003. Fertilizer and herbicide were used in all
plots. Tomatoes were grown in rotation with cotton.

A replicated, randomized, controlled study in 2003-2004 in three irrigated maize-
tomato fields near Davis, California, USA (9), found similar crop yields in plots with
reduced tillage or conventional tillage. Crop yield: Similar maize yields were found in
plots with reduced tillage or conventional tillage (6.7-9.3 vs 4.1-13.6 Mg grain/ha).
Methods: Reduced tillage or conventional tillage was used on nine plots each (1.5 x 1.0
m plots). Nine tillage practices, in 12-15 tractor passes, were used for conventional
tillage. Five tillage practices, in 5-10 tractor passes, were used for reduced tillage. Maize
seeds were sown with a seed drill in early May or mid-March. All plots were irrigated and
fertilized with organic and/or inorganic fertilizer. Maize was harvested in September.

A replicated, randomized, controlled study in 2005-2007 in a rainfed field in the
central Bekaa Valley, Lebanon (10), found lower seed and straw yields in plots with
reduced tillage, compared to conventional tillage, in some crops. Crop yield: Lower seed
yields were found in plots with reduced tillage, compared to conventional tillage, in two
of three crops (barley: 3,250 vs 4,550 kg/ha; safflower: 1,900 vs 2,400), and lower straw
yields were found in one of three crops (safflower: 7,450 vs 9,050). Methods: Reduced
tillage or conventional tillage was used in four plots each (14 x 6 m), in October.
Conventional plots were ploughed (25-30 cm depth) and then shallowly disc cultivated.
Reduced plots were shallowly disc cultivated (10 cm depth). Barley, chickpeas, and
safflower were planted in November. Barley and safflower were fertilized (60-100 kg
N/ha). Mature crops were collected in three quadrats/plot (0.25 m2 quadrats).

A replicated, controlled study in 2004-2008 in an irrigated maize field in the
Garonne River corridor, southern France (11), found higher crop yields in plots with
reduced tillage, compared to conventional tillage. Crop yield: Higher maize yields were
found in plots with reduced tillage, compared to conventional tillage, in three of eight
comparisons (11-12 vs 10-11 t/ha). Methods: Conventional tillage or reduced tillage
was used on six plots each (20 x 50 m plots). Three of these plots had winter cover crops
(white mustard or oats), and three had bare soil. A mouldboard plough (28-30 cm depth)
and a cultivator (8 cm depth, 1-2 passes) were used for conventional tillage, in April-
May. A cultivator (7-9 cm depth) and a disc harrow (8-12 cm depth) were used for
reduced tillage, in March-April. Maize was sown in April-May 2005-2008 and harvested
in October 2005-2008. A centre-pivot sprinkler was used for irrigation (857-943 mm
water/year, irrigation plus rainfall).

A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (12) (same study as (3,12-14,17)), found higher crop yields
in plots with reduced tillage, compared to conventional tillage. Crop yield: Higher barley
yields were found in plots with reduced tillage, compared to conventional tillage, in six of
nine comparisons (1,050-1,950 vs 300-700 kg/ha). Methods: Reduced tillage or
conventional tillage was used on nine plots each (50 x 6 m plots) in October or November.
A mouldboard plough was used for conventional tillage (25-30 cm depth, 100%
incorporation of crop residues). A cultivator was used for reduced tillage (10-15 cm
depth, 50% incorporation of crop residues). Two-thirds of the plots were fertilized (60
or 120 kg N/ha). Mature barley was harvested in June 2006-2009.

A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (13) (same study as (3,12,14,17)), found more barley straw
in plots with reduced tillage, compared to conventional tillage. Crop yield: More barley
straw was found in plots with reduced tillage, compared to conventional tillage, in two of
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six comparisons (456-484 vs 210-242 g/m?2). In one of three years, the barley crop failed
with conventional tillage, but not with reduced tillage. Methods: Reduced tillage or
conventional tillage was used on nine plots each (50 x 6 m plots). A mouldboard plough
was used for conventional tillage (25-30 cm depth, 100% incorporation of crop
residues). A cultivator was used for reduced tillage (10-15 cm depth, 50% incorporation
of crop residues). Two-thirds of the plots were fertilized (60 or 120 kg N/ha). Mature
barley was harvested in June 2006-2009 (three samples/plot, 50 cm of one row/sample).

A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (14) (same study as (3,12,13,17)), found higher crop yields in
plots with reduced tillage, compared to conventional tillage. Crop yield: Higher barley
yields were found in plots with reduced tillage, compared to conventional tillage (1,792
vs 1,155 kg/ha). Methods: Reduced tillage or conventional tillage was used on nine plots
each (50 x 6 m plots) in October or November. A mouldboard plough was used for
conventional tillage (25-30 cm depth, 100% incorporation of crop residues). A cultivator
was used for reduced tillage (10-15 cm depth, 50% incorporation of crop residues). Two-
thirds of the plots were fertilized (60 or 120 kg N/ha). Mature barley was harvested in
June 2006-2009.

Areplicated, controlled study in 1991-2009 in a rainfed faba bean field in Sicily, Italy
(15), found no differences in crop yield or crop quality in plots with reduced tillage,
compared to conventional tillage. Crop yield: No differences in faba bean yields were
found in plots with reduced tillage, compared to conventional tillage (1.91 vs 1.80 Mg
grain/ha; 3.80 vs 3.86 Mg straw/ha). Crop quality: No differences in faba bean seed
weight (99 vs 98 g/100 seeds), or numbers of seeds/pod (2.6 seeds/pod), were found in
plots with reduced tillage, compared to conventional tillage. Methods: Reduced tillage or
conventional tillage was used on two plots each (18.5 x 20 m plots). A mouldboard plough
(30 cm depth; in summer) and a harrow (depth not reported; before sowing) were used
for conventional tillage. A chisel plough (40 cm depth), a mouldboard plough (15 cm
depth, in 1991-1998), and a harrow (depth not reported; before sowing) were used for
reduced tillage. In all plots, a hoe was used to control weeds (depth not reported; 1-2
times/year). Faba beans were grown in rotation with durum wheat. During durum wheat
growth, herbicide was used in all plots. All plots were fertilized (46 kg P20s/ha). Faba
beans were sown in December and harvested at maturity (month notreported). Yield and
quality were measured in three samples/plot (four rows/sample, 3 m rows).

A replicated, controlled study in 2007-2009 in an irrigated tomato field in Davis,
California, USA (16), found similar crop yields in plots with reduced tillage or
conventional tillage. Crop yield: Similar tomato yields were found in plots with reduced
tillage or conventional tillage (24-34 vs 26-33 marketable t/acre). Methods:
Conventional tillage or reduced tillage was used on four plots each (90 x 220 feet).
Broadcast disking, subsoiling, land planing, and rebedding were used for conventional
tillage. A Wilcox Performer was used for reduced tillage (two passes; beds were
conserved). Sprinklers, furrow irrigation, and drip-tape (in furrows) were used to irrigate
the tomatoes. Winter cover crops (triticale) were grown on half of each plot, and the other
half was fallow in winter. All plots were fertilized.

A replicated, randomized, controlled study in 1996-2008 in a rainfed barley field in
the Ebro river valley, Spain (17) (same study as (3,12-14)), found similar crop yields in
plots with reduced tillage or conventional tillage. Crop yield: Similar amounts of barley
straw were found in plots with reduced tillage or conventional tillage (1,190-1,679 vs
1,351-1,748 kg/ha). Methods: There were nine plots (50 x 6 m) for each of two tillage
treatments (reduced tillage: cultivator, 10-15 cm depth; conventional tillage:
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mouldboard plough, 25-30 cm depth). Plots were tilled in October or November. Two-
thirds of the plots were fertilized (60 or 120 kg N/ha/year). Barley was harvested in June.

A replicated, controlled study in 1991-2009 in a rainfed wheat field in Sicily, Italy
(18), found similar crop yields, but lower crop quality, in plots with reduced tillage,
compared to conventional tillage. Crop yield: Similar wheat yields were found in plots
with reduced tillage or conventional tillage (4 Mg/ha). Crop quality: Wheat grains had
less protein in plots with reduced tillage, compared to conventional tillage (141 vs 144
g/kg). Methods: Reduced tillage or conventional tillage was used on six plots each (18.5
x 20 m plots). Mouldboard ploughing (30 cm depth, in summer) and harrowing (1-2
passes) were used for conventional tillage. Chisel ploughing (40 cm depth, in summer)
and mouldboard ploughing (15 cm, in autumn) were used for reduced tillage. A seed drill
and pre-emergence herbicide were used for no tillage. All plots were fertilized (before
planting wheat: 69 kg/ha P20s; before planting bean and berseem: 46 kg/ha P20s; wheat
mono crop: 120 kg N/ha; rotational crops: 80 kg N/ha). Weeds were controlled with post-
emergence herbicide. Yield was measured in three areas (8.6 x 8.6 m) in each plot, in each
year.

A replicated, randomized, controlled study in 2009-2011 in two irrigated pepper
fields in central Italy (19) found no difference in crop yields between plots with reduced
tillage or conventional tillage. Crop yield: No difference in pepper yields was found
between plots with reduced tillage or conventional tillage (3.7-41.4 vs 2.2-40.2 t/ha,
fresh weight). Methods: A mouldboard plough (30 cm depth) was used on all plots in
autumn, before winter cover crops were planted. Cover crops were mown or chopped in
spring, before tillage. Conventional tillage or reduced tillage was used on 12 plots each (6
x 12 m plots), in May 2010-2011. A mouldboard plough and a disc (two passes) were
used for conventional tillage (which incorporated the cover crop residues into the soil to
a depth of 30 cm). A rotary hoe was used for reduced tillage (which incorporated the
cover crop residues into the soil to a depth of 10 cm). Pepper seedlings were transplanted
into the plots in May, and fruits were harvested twice/year in August-October 2010-
2011. All plots were fertilized before the cover crops, but not after. All plots were
irrigated.

A replicated, randomized, controlled study in 2009-2012 in two irrigated vegetable
fields in central Italy (20) found higher crop yields in plots with reduced tillage, compared
to conventional tillage. Crop yield: Higher crop yields were found in plots with reduced
tillage, compared to conventional tillage, in one of six comparisons (in plots with hairy
vetch as the winter cover crop: 21 vs 17 t/ha endive, fresh weight). Methods: Reduced
tillage or conventional tillage was used on nine plots each (6 x 4 m plots). Each plot had a
winter cover crop (hairy vetch, oats, or oilseed rape). Cover crops were sown in
September 2009-2010 and suppressed in May 2010-2011. A mouldboard plough and a
disk harrow (two passes) were used for conventional tillage (incorporating the cover
crop residues to 30 cm depth). A rotary hoe was used for reduced tillage (incorporating
the cover crop residues to 10 cm depth). Pepper seedlings were transplanted into these
plots in May 2010-2011 and were last harvested in October 2010 and September 2011.
After the pepper harvest, endive and savoy cabbage seedlings were transplanted into
these plots, and they were harvested in December 2010 and November 2011 (endive) or
March 2011 and February 2012 (cabbage). No fertilizer was added while the crops were
growing, but the plots were irrigated.

A replicated, randomized, controlled study in 2008-2013 in a rainfed wheat-
sunflower-pea field near Seville, Spain (21), found similar crop yields, but differences in
crop quality, in plots with reduced tillage, compared to conventional tillage. Crop yield:
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Similar crop yields were found in plots with reduced tillage or conventional tillage (data
reported for multiple crops and years). Crop quality: More oil, more of five nutrients,
more monounsaturated fatty acid, and less polyunsaturated fatty acid were found in
sunflower seeds in plots with reduced tillage, compared to conventional tillage (49.6 vs
48.0% oil). Methods: Reduced tillage or conventional tillage was used on three plots each
(6x 33.5 m plots). A mouldboard plough (25-30 cm depth), a chisel plough (25 cm depth,
twice/year), and a disc harrow (12 cm depth) were used for conventional tillage. A chisel
plough (25 cm depth, once/year), a disc harrow (5 cm depth), and herbicide were used
for reduced tillage. Wheat, sunflowers, and peas were grown in rotation. Wheat was
fertilized, but sunflowers and peas were not. Sunflowers were sown in May 2013 (three
months later than usual) and harvested in September. Yield and quality were measured
in 16 sunflower heads/plot.

A replicated, randomized, controlled study in 1987-2010 in rainfed cereal fields in
the Ebro river valley, Spain (22), found lower crop yields in plots with reduced tillage,
compared to conventional tillage. Crop yield: Lower grain yields were found in plots with
reduced tillage, compared to conventional tillage (3,923 vs 4,210 kg/ha). Crop quality:
No difference in grain weight was found between plots with reduced tillage or
conventional tillage (34 vs 32 mg/grain). Methods: Reduced tillage or conventional
tillage was used on ten plot each (Pefialba: three plots each, 34 x 175 m plots, established
in 2005; Agramunt: four plots each, 9 x 50 m plots, established in 1990; Selvanera: three
plots each, 7 x 50 m plots, established in 1987). In Pefalba, a disk plough (20 cm depth)
and a cultivator (10 cm depth) were used for conventional tillage. In Agramunt, a
mouldboard plough (25 cm depth) and a cultivator (15 c¢cm depth) were used for
conventional tillage. In Selvanera, a subsoil plough (40 cm depth) and a chisel plough (15
cm depth) were used for conventional tillage. A cultivator (Pefialba: 10 cm depth;
Agramunt: 15 cm) or a chisel plough (Selvanera: 15 cm) was used for reduced tillage.
Barley (Pefialba) or wheat (Agramunt and Selvanera) was planted in November 2009
with a seed drill (2-4 cm depth) and harvested in June-July 2010.

Areplicated, randomized, controlled study in 1994-2009 in a rainfed pea-cereal field
near Madrid, Spain (23), found lower pea yields and differences in crop quality in plots
with reduced tillage, compared to conventional tillage. Crop yield: Lower grain yields
were found in plots with reduced tillage, compared to conventional tillage, in one of four
comparisons (peas: 0.08 vs 0.3 t/ha), and lower straw yields were found in two of four
comparisons (1.5-2.4 vs 2.3-2.8 t/ha). Crop quality: Smaller peas, shorter pods, and
fewer peas/pod were found in plots with reduced tillage, compared to conventional
tillage, in one of four comparisons (80 vs 156 g/1,000 seeds; 5.7 vs 6.6 cm/pod; 4.8 vs 6.4
seeds/pod), but longer pods were found in one of four comparisons (7.0 vs 6.5 cm/pod).
Methods: Reduced tillage or conventional tillage was used on four plots each (with three
10 x 25 m sub-plots each, with different pea-cereal rotations), in October or November. A
mouldboard plough was used for conventional tillage (30 cm depth). A chisel plough was
used for reduced tillage (10 cm depth). Peas were planted in November 2005-2008 and
harvested in June 2006-2009. The peas were not fertilized.

A replicated, randomized, controlled study in 1999-2009 in an irrigated tomato-
cotton field in the San Joaquin Valley, California, USA (24) (same study as (8)), found
higher tomato yields in plots with reduced tillage, compared to conventional tillage. Crop
yield: Higher tomato yields were found in plots with reduced tillage, compared to
conventional tillage, in four of 10 years (102-120 vs 62-100 t/ha). Higher cover crop
biomass was found in plots with reduced tillage, compared to conventional tillage (4,098
vs 3,609 t/ha). Methods: Reduced tillage or conventional tillage was used on eight
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tomato plots each, in 1999-2009. The plots (9 x 82 m) had six raised beds each. Winter
cover crops (triticale, rye, and vetch) were planted on half of the plots, in October 1999-
2008, and crop residues were chopped in March. Different numbers of tillage practices
were used for conventional tillage (19-23 tractor passes, including disc and chisel
ploughing) and reduced tillage (11-12 tractor passes, not including disc and chisel
ploughing). Tomato seedlings were transplanted in April 2000-2009. Fertilizer and
herbicide were used in all plots. Tomatoes were grown in rotation with cotton.

A replicated, randomized, controlled study in 2012-2013 in a rainfed wheat field in
Wadi Madwar, northwestern Egypt (25), found higher crop yields in plots with less
frequent tillage, compared to more frequent, lower crop yields in plots with shallower
tillage, compared to deeper, and higher crop yields in plots that were tilled at slower
speeds, compared to faster. Crop yield: Higher wheat yields were found in plots with
reduced tillage, compared to conventional tillage (1,324 vs 1,238 kg grain/ha). Lower
wheat yields were found in plots that were tilled to 15 cm depth, compared to 20-25 cm
depth (1,392 vs 1,516-1,518 kg/ha). Implementation options: Higher wheat yields
were found in plots that were tilled at slower tractor speeds (0.69-1.25 m/s: 1,454-1,528
kg/ha), compared to the fastest speed (1.53 m/s: 1,397 kg/ha). Methods: Reduced tillage
or conventional tillage was used on three plots each (0.45 ha plots). A chisel plough was
used for both reduced tillage (one pass) and conventional tillage (two passes). Each plot
had three subplots (0.15 ha subplots, tilled to 15, 20, or 25 cm depth). Each subplot had
four sub-subplots (size not reported; tilled at 0.69, 1, 1.25, or 1.53 m/s). Wheat was
planted in December 2012, fertilized, and harvested in May 2013.

A replicated, randomized, controlled study in 2009-2011 in an irrigated eggplant
field in central Italy (26) found that tillage had inconsistent effects on crop yield. Crop
yield: Higher eggplant yields were found in plots with reduced tillage, compared to
conventional tillage, in three of four comparisons (21-36 vs 18-32 Mg/ha fresh weight),
but lower yields were found in one of four comparisons (7 vs 14). Methods: A
mouldboard plough (30 cm depth) was used on all plots in autumn, before winter cover
crops were planted. Cover crops were mown or chopped in spring, before tillage. Reduced
tillage or conventional tillage was used on 12 plots each (6 x 4 m plots). A mouldboard
plough (30 cm depth) and a disc (two passes) were used for conventional tillage (which
incorporated the cover crop residues into the soil). A rotary hoe (10 cm depth) was used
for reduced tillage (which incorporated some of the cover crop residues into the soil).
Eggplant seedlings were transplanted into the plots in May, and fruits were harvested
four times/year in July-September 2010-2011. All plots were fertilized before the cover
crops were grown, but not after. All plots were irrigated.
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Habitat management: Effects on crop production

2.12. Plant flowers: Crop production (3 studies)

e Crop yield (2 studies): One replicated, controlled study from Spain2 found higher crop yields in
coriander plants next to planted flower strips, compared to coriander plants next to unplanted
field margins. One replicated, randomized, controlled study from Italy3 found higher crop yields
in tomatoes next to planted flower strips, compared to tomatoes next to bare ground, in some
comparisons.

e Crop quality (0 studies)

¢ Implementation options (3 studies): One replicated, randomized, controlled study from the
USA! found smaller lettuces in fields planted with flowers, in five out of six configurations. One
replicated, controlled study from Spain2 found higher coriander yields next to field margins
planted with more flower species, compared to fewer flower species. One replicated,
randomized, controlled study from Italy? found lower crop yields in tomatoes next to field margins
planted with more flower species, compared to fewer flower species, in some comparisons.

A replicated, randomized, controlled study in 2008-2009 in a lettuce field in Salinas,
California, USA (1), found smaller lettuces in fields with planted flower strips, compared
to fields without planted flower strips. Implementation options: When lettuce plants
were removed to make space for sweet alyssum Lobularia maritima flower strips, and
alyssum was planted perpendicular rather than parallel to lettuce rows, lettuces were not
significantly smaller than lettuces in monocultures without flower strips (50 g/head). In
five other configurations, lettuces were smaller than in monoculture (38-44 vs 50
g/head). Methods: Eight plots (1 x 10 m) in each of four blocks were planted with a
lettuce monoculture (control) or a combination of lettuce and alyssum (replacement or
addition, in different configurations).

A replicated, controlled study in 2013 in coriander plots near Madrid, Spain (2),
found higher seed set and seed weight in coriander next to planted flower strips,
compared to coriander next to unplanted field margins. Crop yield: Seed set and seed
weight were higher in coriander next to flower strips, compared to coriander next to
unplanted margins (28-29% vs 18% seed set/umbel; 2.1-2.5 vs 1.0 g seed/plant).
Implementation options: Similar seed set and seed weight were found in coriander next
to flower strips with one flower species, compared to six flower species (28% vs 29%
seed set/umbel; 2.1 vs 2.5 g seed/plant). Methods: Potted coriander plants were
transplanted into the field on 1 May 2013, one month before flowering. Fifteen pots were
buried 1.5 m from three field margins with one flower species (Diplotaxis tenuifolia),
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three margins with six flower species, or three unplanted margins (135 pots total). All
margins were 1.5 x 15 m. Flowers were planted in autumn 2012.

A replicated, randomized, controlled study in 2011-2012 in an organic tomato field
near Pisa, Italy (3), found more and bigger tomatoes on plants grown next to some
combinations of planted flower species, compared to other combinations, or compared
to bare ground. Crop yield and Implementation options: The most and biggest fruits
were found in 2011 on Roma tomato plants grown next to flower strips with three species
(140 fruits/plant; 195 g dry biomass/fruit), which had more and bigger fruits than those
grown next to bare ground (55 fruits/plant; 50 g dry biomass/fruit) or next to flower
strips with either six or nine species (40-65 fruits/plant; 35-40 g dry biomass/fruit). The
number of fruits/plant varied with the number of flower species/strip (three/strip: 35-
140 fruits/plant; six/strip: 40-95; nine/strip: 35-50; bare ground: 30-55), as did fruit
biomass (three/strip: 35-195 g dry biomass/fruit; six/strip: 35-70; nine/strip: 40-65;
bare ground: 35-50), but not all differences were significant in both years (2011-2012),
or both tomato varieties (Roma and Perfect Peel). Methods: Four treatments were
compared: three flower species/strip (Apiaceae species), six species/strip (three
Apiaceae and three Fabaceae), nine species/strip (three Apiaceae, three Fabaceae, and
three others), and a control strip with no flowers. Three strips/treatment were sown with
flower seeds (2011: 6 and 21 June; 2012: 13 and 17 June). Each flower strip (2 x 4 m) was
positioned between two tomato plots (4 x 10 m/plot; one Roma plot and one Perfect Peel
plot). Number of fruits/plant was assessed for five plants/plot and dry biomass was
assessed for four fruits/plant.

(D Brennan, E.B. (2013) Agronomic aspects of strip intercropping lettuce with alyssum for biological
control of aphids. Biological Control, 65, 302-311.

(2) Barbir, ]., Badenes-Pérez, F.R., Fernandez-Quintanilla, C. & Dorado, J. (2015) Can floral field
margins improve pollination and seed production in coriander Coriandrum sativum L.
(Apiaceae)? Agricultural and Forest Entomology, 17, 302-308.

(3) Balzan, M.V,, Bocci, G. & Moonen, A.-C. (2016) Utilisation of plant functional diversity in
wildflower strips for the delivery of multiple agroecosystem services. Entomologia
Experimentalis et Applicata, 158, 304-319.

2.13. Plant hedgerows: Crop production (1 study)

e Crop yield (1 study): One replicated, paired site comparison from the USA' found similar crop
yields in fields with hedgerows and fields with bare/weedy edges.

e Crop quality (0 studies)

A replicated, paired site comparison in 2012-2013 in sunflower fields in the Central
Valley, California, USA (1), found similar crop yields in fields with hedgerows and fields
with bare/weedy edges. Crop yield: Similar numbers of sunflower seeds were found in
fields with hedgerows and fields with bare/weedy edges (650 seeds/head). Methods:
Seeds from three sunflower heads were counted at each of four locations/transect (10,
50, 100, and 200 m from field edges), on two transects/field (2012: 10 fields; 2013: 8
fields). Half of the fields had bare/weedy edges (managed by burning, scraping, or
herbicides). Half had hedgerows (3-6 x 250-300 m, 5-12 years old).
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(D Sardifias, H.S. & Kremen, C. (2015) Pollination services from field-scale agricultural
diversification may be context-dependent. Agriculture, Ecosystems & Environment, 207, 17-25.

Livestock management: Effects on crop production

Our search found no studies of the effects of livestock management on crop production.
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3. Soil

Crop and soil management: Effects on soil

3.1.

Add compost to the soil: Soil (24 studies)

Organic matter (12 studies): Twelve replicated, controlled studies (ten randomized) from
Italy®1.1217.23 Spain3.1920 Syria14, Turkey4, and the USA5.1624 found more organic matter in soils
with added compost, compared to soils without added compost, in some
comparisons*11.12,14,1619.20.23 or in all comparisons35.17.24,

Nutrients (10 studies): Six replicated, controlled studies (five randomized) from ltaly'2.23,
Portugal's, Spain”.1?, and Syria'4 found more nutrients in soils with added compost, compared to
soils without added compost, in some comparisons'215.19.23 or all comparisons’ 4. Three
replicated, randomized, controlled studies from Italy'7.23 and the USA® found inconsistent
differences in nitrogen between soils with or without added compost. One replicated,
randomized, controlled study from the USA22 found no differences in phosphorus between soils
with or without added compost. Three replicated, randomized, controlled studies from ltaly'217
and Spain'® found similar pH levels in soils with or without added compost.

Soil organisms (10 studies): Six replicated, controlled studies (five randomized) from Italy'?,
Spain38.10.18 and the USAS found more microbial biomass in soils with added compost, compared
to soils without added compost, in some comparisons®810.12 or all comparisons?'8, Two
replicated, controlled studies from Italy'” and the USA22 found similar amounts of microbial
biomass in soils with or without added compost. One replicated, randomized, controlled study
from ltaly2! found inconsistent differences in bacterial abundance between plots with or without
added compost. Two replicated, randomized, controlled studies from ltaly2! and Spain'® found
differences in bacteria communities, in some comparisons.

Soil erosion and aggregation (5 studies): Two replicated, controlled studies (one randomized)
from Spain29 found less erosion of soils with added compost, compared to soils without added
compost, in some comparisons®, or in all comparisons?. Four replicated, randomized, controlled
studies from Spain and Turkey#89.20 found that soils with added compost were more stable than
soils without added compost, in some comparisons#*82, or in all comparisons.

Greenhouse gases (10 studies): Six replicated, controlled studies (five randomized) from
Italy'!, Spain38.19.20, and the USA'6 found more greenhouse gas in soils with added compost,
compared to soils without added compost, in some comparisons!.16.19 or in all comparisons38.20,
Four replicated, randomized, controlled studies from Spain'6.1318 found no differences in
greenhouse gas between soils with or without added compost.

Implementation options (2 studies): One replicated, randomized, controlled study from Syria'4
found more nitrogen in soils with compost added every two years, compared to soils with
compost added every four years. One replicated, randomized, controlled study from Italy2! found
inconsistent differences in bacteria abundance between soils with different amounts of added
compost.
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Areplicated, randomized, controlled, study in 1995 in a broccoli field in the Salinas Valley,
California, USA (1), found similar amounts of nitrate, pH levels, and carbon dioxide
emissions in soils with or without added compost. Nutrients: Similar amounts of nitrate,
and similar pH levels, were found in soils with or without added compost (3-10 vs 2 kg
NO3-N/ha; pH 8.1-8.3 vs 8.1). Greenhouse gases: Similar carbon dioxide emissions were
found in soils with or without added compost (soil respiration: 17-32 vs 63 kg CO2-
C/ha/day). Methods: There were four plots for each of three compost treatments (0, 22,
or 44 Mg/ha). Fertilizer (165 kg ammonium nitrate/ha) was added to half (6.1 x 7.7 m)
of each plot. The compost was made from green wastes (>30%), cow manure (>20%),
spoiled hay (>15%), clay soil (>5%), and crop processing residues. Soil samples were
collected on 11 October 1995 (0-7.6 cm depth).

A replicated, controlled study (year not reported) on a slope in Murcia, Spain (2),
found less soil erosion in plots with added compost, compared to plots without added
compost. Soil erosion and aggregation: Less soil was lost in runoff from plots with
added compost, compared to plots without added compost, after rainfall events (eight
initial events: 17 vs 299 g soil/m?; later events: 5 vs 62). Methods: Composted municipal
waste was added to three treatment plots, but not three control plots (10 x 3 m plots,
15% slope). Soil loss was measured in runoff water, collected from the lower edge of each
plot, after each rainfall event. Enough compost was added to the soil to increase its
organic carbon content by 2%. The soil was rotovated to a depth of 20 cm, to incorporate
the compost.

A replicated, controlled study in 1997-1998 in farmland in Murcia, Spain (3), found
more organic matter, soil organisms, and greenhouse gas in soils with added municipal
waste compost, compared to soils without compost. Organic matter: More organic
carbon was found in soils with added compost, compared to soils without added compost
(14-33 vs 2-4 g C/kg soil). Soil organisms: More microbial biomass (measured as
carbon) was found in soils with added compost, compared to soils without added
compost (360-760 vs 130-320 pg C/g soil). Greenhouse gases: More carbon dioxide
was found in soils with added compost, compared to soils without added compost (40-
150 vs 5-15 mg CO2/kg soil/day). Methods: Municipal waste compost was added to three
treatment plots (25-30 kg compost/m?), but not three control plots (no compost). The
plots were 5 x 3 m. Soil samples were collected 0-24 months after adding the compost
(eight time points, four samples/plot, 0-15 cm depth).

A replicated, randomized, controlled study in 1995-1999 in farmland in southern
Turkey (4) found more organic matter and greater soil stability in soils with added
compost, compared to soils without added compost, at some depths. Organic matter:
More organic matter was found in soils with added compost, compared to soils without
added compost, at one of two depths (0-15 cm: 1.8% vs 1.6%). Soil erosion and
aggregation: Larger soil particles were found in plots with added compost, compared to
plots without added compost, at one of two depths (15-30 cm: 0.31 vs 0.18 mm mean
weight diameter). Methods: Compost (25 t/ha) was added to three treatment plots (10
x 20 m), but not three control plots. The compost was made of grass, stubble, and leaves.
Wheat, sweet peppers, maize, and wheat were grown in rotation. Soils were sampled in
1999, after harvesting the last wheat crop (0-30 cm depth). Wet sieving was used to
determine mean weight diameter.

A replicated, randomized, controlled study in 1998-2000 in an irrigated vegetable
field in the Salinas Valley, California, USA (5), found more organic matter, and sometimes
found more microbial biomass, in soils with added compost, compared to soils without
added compost. Adding compost had inconsistent effects on nutrients. Organic matter:
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More carbon was found in soils with added compost, compared to soils without added
compost (15 vs 14 g total C/kg soil, 0-15 cm depth). Nutrients: More nitrogen was found
in soils with added compost, compared to soils without added compost (1.6 vs 1.5 g total
N/kg soil, 0-15 cm depth). At depths of 0-90 cm, less nitrate was found in soils with
added compost, compared to soils without added compost, in 13 of 14 comparisons (4-
54 vs 5-64 g NOs3-N/g soil), but more nitrate was found in one of 14 comparisons (34 vs
24). At depths of 0-15 cm, less nitrate was found in soils with added compost, compared
to soils without added compost, in six of 16 comparisons (2-17 vs 3-64 pg NO3-N/g soil),
but more nitrate was found in one of 16 comparisons (31 vs 12). At depths of 0-15 cm,
less ammonium was found in soils with added compost, compared to soils without added
compost, in eight of 16 comparisons (1-6 vs 5-9 pg NH4-N/g soil), but more ammonium
was found in two of 16 comparisons (4-7 vs 1-4). Soil organisms: More microbial
biomass (measured as carbon) was found in soils with added compost, compared to soils
without added compost, nine of 16 comparisons (120-220 vs 80-130 pg C/g soil). More
microbial biomass (measured as nitrogen) was found in soils with added compost,
compared to soils without added compost, in 10 of 16 comparisons (14-26 vs 5-17 pg
N/g soil). Methods: There were four plots (0.52 ha), for each of four treatments
(minimum tillage or conventional tillage, with or without added organic matter). In plots
with added organic matter, compost was added two times/year, and a cover crop
(Merced rye) was grown every autumn or winter. The compost was made from municipal
yard waste, salad packing plant waste, horse manure, clay, straw, and other compost.
Lettuce or broccoli crops were grown in raised beds. Sprinklers and drip irrigation were
used in all plots. Soils were disturbed to different depths (conventional tillage: 50 cm with
disking, cultivating with aliliston, sub-soiling, bed re-making, and bed-shaping; minimum
tillage: 20 cm with a liliston, rollers, and bed-shaping). Soils were collected, along the
planting line, with 6 cm soil cores. It was not clear whether these results were a direct
effect of adding compost or growing cover crops.

A replicated, randomized, controlled study in 2004 in a maize field in the Jarama
river basin, Spain (6), found no difference in greenhouse-gas emissions between soils
with or without added compost. Greenhouse gases: No difference in nitrous oxide
emissions was found between soils with or without added compost (composted pig
slurry: 9.3 vs 8.6 kg N/ha; composted municipal solid waste 7.1 vs 8.6). Methods: There
were three plots (40 m?2) for each of two treatments (composted solid fraction of pig
slurry or composted municipal solid waste, both with urea) and one control (urea only).
Urea was applied at a rate of 50 kg N/ha. Both composts were applied at a rate of 175 kg
available N/ha. Soils were cultivated to a depth of 5 cm to incorporate the fertilizers.
Nitrous oxide was measured in closed chambers (two chambers/plot, one within a maize
row, one between rows, 35 cm diameter, 23 cm height, one sample/week, April-
September).

A replicated, controlled study in 2001-2003 in a degraded wood pasture in
Catalonia, Spain (7), found more nitrate in soils with added compost, compared to soils
without it. Nutrients: More nitrate was found in soils with added compost, compared to
soils without it (24 vs 3 kg N-NO3/ha). Methods: Composted sewage sludge was added
to five treatment plots (10 t dry matter/ha), but not five control plots (no compost). Each
plot was 20 x 5 m. To restore the wood pasture, shrubs and small trees were crushed and
scattered on the soil, and grass seeds were sown. Soil was collected in soil cores (10
cores/plot, 0-20 cm depth).

A replicated, randomized, controlled study in 2001-2005 in the Guadalquivir Valley,
Andalusia, Spain (8), found more soil organisms, more carbon dioxide, and greater
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stability in soils with four years of added compost, compared to soils without added
compost. Soil organisms: More microbial biomass (measured as carbon) was found in
soils with added compost, after 3-4 years of adding it, compared to soils without it, in five
of six comparisons (351-501 vs 118-120 pg C/g dry soil), but no differences were found
after 1-2 years of adding compost (171-317 vs 119-128). Greenhouse gases: More
carbon dioxide was found in soils with added compost, after four years of adding it,
compared to soils without added compost (1,596-2,004 vs 859 mg/kg soil). Soil erosion
and aggregation: More stable soils were found in plots with added compost, after 3-4
years of adding it, compared to plots without it (data reported as log instability index),
and more stable soils were also found after two years of adding compost, in two of three
comparisons, but no differences were found after one year of adding it. Methods: There
were three plots (10 x 7 m) for each of three treatments (5, 7.5, or 10 t/ha of organic
matter, added as composted beet vinasse and crushed cotton gin waste) and one control
(no compost). The compost was added in October 2001-2004. Soil samples were
collected one day before the compost was added (four subsamples/plot, 0-25 cm depth).

A replicated, randomized, controlled study in 2001-2005 in the Guadalquivir Valley,
Andalusia, Spain (9), found greater stability and less erosion in soils with added compost,
compared to soils without added compost. Soil erosion and aggregation: More stable
soils were found in plots with added compost, compared to plots without added compost,
in two of four years (data reported as log instability index). Less soil was lost from plots
with added compost, compared to plots without added compost, after rainfall (60 mm
rainfall /hour, in two of four years: 171-182 vs 210-211 kg/ha; 140 mm rainfall/hour, in
three of four years: 366-430 vs 508-520). Methods: There were four plots (9 x 9 m) for
each of two treatments (10 or 20 t compost/ha) and one control (no compost). The
compost was added in October 2001-2004, and soils were ploughed to a depth of 25 cm.
Soil samples were collected one day before the compost was added, in 2002-2004, and
also in October 2005 (gauge augers, 30 mm diameter, 25 cm depth). Soils were watered
to simulate rainfall in October 2002-2005 (60 or 140 mm rainfall/hour), and soil loss
was measured in plots (1 x 1 m) that overlapped the borders of the treatment and control
plots by 0.5 m.

A replicated, randomized, controlled study in 2002-2005 in a barley field in Toledo,
Spain (10), found more soil organisms in plots with added compost, compared to plots
without added compost, in two of four comparisons. Soil organisms: More microbial
biomass (measured as carbon) was found in soils with low amounts of added compost,
compared to plots without added compost (one application: 157 vs 76 mg C/ha; one
application/year: 265 vs 76), but significant differences were not found between plots
with high amounts of added compost and plots without added compost (one application:
95 vs 76; one application/year: 136 vs 76). Methods: The compost was made from
sewage sludge. There were four plots (10 x 3 m) for each of four fertilizer treatments (20
or 80 t compost/ha, applied once in three years or once/year) and one control (no
fertilizer). Plots were fertilized in mid-September and planted in mid-October.

A replicated, randomized, controlled study in 2003-2005 in farmland in the Sele
river plain, Italy (11), found more organic matter and more carbon dioxide in soils with
added compost, compared to soils without added compost. Organic matter: More
organic carbon was found in soils with added compost, compared to soils without added
compost, in eight of 18 comparisons (greenhouse: 28-32 vs 23-25 mg organic C/kg soil
[dry weight]; open field: 10-12 vs 8). Greenhouse gases: More carbon dioxide was found
in soils with added compost, in five of six comparisons (greenhouse: 0.9-1.2 vs 0.7 pg
CO2/g soil [dry weight]/hour; open field: 1.2-1.4 vs 0.6). Methods: The compost was
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made from municipal food waste and yard trimmings. At each of two sites (unheated
tunnel greenhouse with 24 m? plots, or open field with 70 m? plots), there were three
replicates for each of three treatments (15, 30, or 45 t compost/ha, in March-April each
year) and one control (no compost). Crops were grown in rotation (greenhouse:
tomatoes, beans, lettuce; open field: tomatoes or eggplants, endive and/or broccoli
sprouts). Soil samples (five/plot, 0-20 cm depth) were collected three times/year before
the crops were harvested (greenhouse: spring, autumn, winter; open field: summer,
autumn, winter). Organic carbon was measured in winter samples (residual carbon).
Carbon dioxide (soil respiration) was measured in all samples.

A replicated, randomized, controlled study in 2001-2009 in an irrigated nectarine
orchard in Italy (12) found more organic matter, nutrients, and soil organisms in plots
with added compost, compared to plots without added compost. Organic matter: More
organic matter was found in plots with added compost, in 11 of 24 comparisons (2-5%
vs 1.5%). Nutrients: More nitrogen was found in soils with added compost (ammonium,
in four of 21 comparisons: 7-15 vs 4-6 mg/kg dry soil; nitrate, in at least eight of 84
comparisons: results not clearly reported). More phosphorus and potassium were found
in plots with added compost (phosphorus, in one of three comparisons in 2006: 24 vs 13
mg P/kg dry soil; potassium, in two of three comparisons: 299-350 vs 227 mg K/kg dry
soil). Similar pH levels were found in plots with or without added compost (pH 7.8 vs 7.7).
Soil organisms: More microbial biomass (measured as carbon) was found in plots with
added compost, in 14 of 60 comparisons (5-22 vs 4-10 mg C/g dry soil). Soil erosion
and aggregation: Similar water-stability was found in soils with or without added
compost (13% vs 14-17% of soil aggregates were water-stable). Methods: There were
four plots for each of three compost treatments (5 t/ha in May, 5 t/ha split into two
applications, in May and September, or 10 t/ha split into two), and there were four
control plots (no fertilizer; plot size not reported). The compost was made from domestic
organic waste and urban pruning material (50% each). Compost was tilled into the soil
(25 cm depth). Soil samples were collected in September (3-40 cm depth for organic
matter in 2001-2008 and phosphorus in 2006; 5-40 cm depth for aggregate stability in
2008) and four times in spring and summer in 2008-2009 (0-80 cm depth for nitrogen,
and 4-20 cm depth for microbial biomass).

A replicated, randomized, controlled study in 2006 in a barley field in the Henares
river basin, Spain (13), found no difference in greenhouse-gas emissions between soils
with or without added municipal waste compost. Greenhouse gases: No difference in
greenhouse-gas emissions was found between soils with or without added compost
(carbon dioxide: 466 vs 411 kg C/ha; methane: -231 vs -294 mg C/m?). Methods:
Composted municipal solid waste (125 kg available N/ha) was added to three treatment
plots, but not three control plots, in January. Plots were 30 m2. Plots were cultivated (0-
5 cm depth) to incorporate the compost. Barley was planted in January and harvested in
June. Greenhouse-gas emissions were measured with closed chambers (35 cm diameter,
25 cm height, 1-4 measurements/plot/week, 23 January-28 November).

A replicated, randomized, controlled study in 1996-2008 in farmland near Aleppo,
Syria (14), found more nitrogen, and sometimes found more organic matter, in soils with
added compost, compared to soils without added compost. Organic matter: More
organic matter was found in soils with added compost, compared to soils without added
compost, in two of eight comparisons (2003, compost added every two years: 13-17 vs
10-12 g/kg soil). Nutrients: More nitrogen was found in soils with added compost,
compared to soils without added compost (0.75-0.93 vs 0.71 g/kg soil). Implementation
options: More nitrogen was found in soils with compost added every two years,
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compared to every four years (0.93 vs 0.75 g/kg soil). Methods: There were two plots
(25 x 25 m) for each of eight treatments (10 Mg/ha dry weight of compost added every
two or four years, with shallow or conventional tillage, and two-course or four-course
crop rotations) and four controls (no compost, with shallow or conventional tillage, and
two-course or four-course crop rotations). The compost was 75% plant residues, 20%
sheep manure, and 5% soil. The crop rotations were vetch-barley (two-course) or vetch-
barley-vetch-wheat (four-course). Soils were tilled with a mouldboard plough to a depth
of 30 cm after cereal crops (conventional tillage) and/or with a cultivator to a depth of
12 cm after vetch (conventional and shallow tillage). Soils were sampled in 2003 (0-30
cm depth) and 2008 (0-20 cm depth).

A replicated, randomized, controlled study in 2006-2008 in a cereal field in the
Castelo Branco region, Portugal (15), found similar amounts of nitrate in soils with and
without added compost. Nutrients: Similar amounts of nitrate were found in plots with
and without added compost, in 30 of 32 comparisons (1-50 vs 1-10 mg NO3-N/L water).
In two of 32 comparisons, more nitrate was found in plots with added compost, compared
to plots without (33 days after single application: 16 vs 7 mg NO3-N/L water; 130 days
after split application: 12 vs 1 mg). Methods: Water in the soil was collected in porous
ceramic suction cup samplers (four/plot, 0.6-0.7 m depth, 50 kPa for 24 hours),
whenever drainage occurred (October-November and April-May, 16 samples in total).
There were three plots (5.6 x 8 m) for each of two treatments (single application of
compost in spring, or split application in spring and autumn) and one control (no
compost). The compost was made from municipal waste. Maize was grown in spring-
summer, and oats were grown in autumn-winter.

A replicated, randomized, controlled, paired study in 2008-2011 in grazed annual
grasslands in California, USA (16), found more organic matter and carbon dioxide in soils
with added compost, compared to soils without added compost. Organic matter: More
organic carbon was found in soils with added compost, compared to soils without added
compost, in three of seven comparisons (350-1,000 more g C/m?2). Greenhouse gases:
More carbon dioxide was found in soils with added compost, compared to soils without
added compost, in four of six comparisons (150-250 more g CO2-C/m?/year), but no
differences were found in other greenhouse gases (methane: -1.4 to -2.5 g CH4-C/ha/day;
nitrous oxide: 0.1-1.0 g N20-N/ha/day). Methods: Composted organic green waste was
added to three treatment plots (129 g total N/m?2), but not to six control plots, at each of
two sites (coastal grassland in Nicasio and valley grassland in Browns Valley). The plots
were 25 x 60 m. Greenhouse gases were measured in flux chambers, every 1-4 weeks for
three years. Organic carbon was measured in soil samples that were collected at the end
of the growing seasons (May or June, nine soil cores/plot, 7 cm diameter, 10 cm depth).

Areplicated, randomized, controlled study in 2009-2011 on two farms in the Salerno
district, Italy (17), found more organic matter, and sometimes found more ammonium,
but found no difference in soil organisms or pH, in soils with added compost, compared
to soils without added compost. Adding compost had inconsistent effects on nitrate.
Organic matter: More organic carbon was found in soils with added compost, compared
to soils without added compost (5-110% more). Nutrients: More nitrate was found in
soils with added compost, compared to soils without added compost, in 10 of 18 samples
(20-125% more), but less nitrate was found in the first two samples (25-70% less). More
ammonium was found in soils with added compost, compared to soils without added
compost, on one of two farms (amounts of ammonium not reported). No difference in pH
was found between soils with and without added compost (pH levels not reported). Soil
organisms: No difference in microbial biomass was found between soils with and
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without added compost (amounts of biomass not reported). Methods: On each of two
farms, there were three plots (7 x 5 m) for each of four treatments (30 or 60 Mg organic
matter/ha/year, with a carbon-to-nitrogen ratio of 15:1 or 25:1) and one control (no
organic matter). Organic matter was added in February 2009, February 2010, and June
2011. It was made from the composted organic fraction of municipal solid waste, and it
was mixed with wood scraps to control the carbon-to-nitrogen ratio. It was not clear
whether these results were a direct effect of adding composted municipal waste or wood
scraps.

A replicated, randomized, controlled study in 2013 in greenhouses in southeast
Spain (18) found more soil organisms, but similar amounts of carbon dioxide, in soils with
added compost, compared to soils without added compost. Soil organisms: More
microbial biomass (measured as carbon) was found in soils with added compost,
compared to soils without added compost (280-330 vs 130-160 mg C/kg soil).
Greenhouse gases: Similar amounts of carbon dioxide were found in soils with and
without added compost (8-19 vs 7-15 mg CO2-C/kg soil/day). There were four replicates
for each of four treatments (50.5 t/ha of compost R1 or 40 t/ha of compost R2, with low
or medium doses of mineral fertilizer) and two controls (low or medium doses of mineral
fertilizer). Mineral fertilizer (Hoagland’s solution) was added in two of three waterings
(medium dose) or one of five waterings (low dose). Compost R1 was made from sheep
and goat manure. Compost R2 was made from alperujo, manure, and olive prunings.

A replicated, randomized, controlled study in 1996-2011 in a vineyard in Navarra,
Spain (19), found more organic matter, nutrients, and greenhouse-gas emissions in soils
with some types of added compost, compared to soils without added compost. Organic
matter: A higher percentage of organic matter was found in plots with added compost,
compared to plots without added compost, for one of three types of compost (SMC: 1.8 vs
1.2% organic matter). Nutrients: More nitrogen, phosphorus, and/or potassium were
found in plots with some types of added compost, compared to plots without added
compost. The largest differences were between plots with added sheep-manure compost
and plots without added compost (nitrogen: 0.10% vs 0.06%; phosphorus: 81 vs 30
mg/kg; potassium oxide: 474 vs 232 mg/kg). Similar pH was found in all plots (7.34-
7.41). Soil organisms: Similar bacteria communities were found in all plots, for 11 of 12
bacteria genera. However, in plots with added compost, a higher percentage of RNA
sequences came from Rhizobium species, for two types of compost (SMC: 0.3%; OF-MSW:
0.5%), but not for one type (PEL: 0.2%), compared to plots without added compost
(0.1%). Greenhouse gases: Higher greenhouse-gas emissions were found in plots with
added compost, for one type of compost (OF-MSW: 1,745 kg CO:2 equivalent/ha;
cumulative over 115 days after adding compost or fertilizer), but not for two types (SMC:
1,591 kg; PEL: 1,598 kg), compared to plots without added compost (1,104 kg). Higher
nitrous oxide emissions were found in plots with added compost, compared to plots
without added compost (1.8-5.1 vs 1.7 g N20-N/ha/day; 15 days after compost).
Methods: Three types of compost were compared: pelletized organic compost (PEL),
compost from the organic fraction of municipal solid waste (OF-MSW), and sheep-
manure compost (SMC). Each of three compost treatments and one control was assigned
to a plot (15 vines), and there were three blocks (the size of plots within blocks was not
clearly reported). The vines were planted in 1996. Compost was added in February 1998-
2011 (PEL: 3,700 kg fresh weight/ha/year; OF-MSW: 4,075 kg; SMC: 4,630 kg). For N, P,
K, and pH measurements, soil samples were taken at the end 2011 (four/plot, 0-30 cm
depth). For greenhouse-gas measurements, ambient air samples (20 ml, 10/plot, closed
chamber technique) were taken over 115 days after adding compost. For partial
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prokaryotic 16S rRNA sequencing, soil samples (four/plot, 5-30 cm depth) were taken
15 days after adding compost.

A replicated, randomized, controlled study in 2010-2011 in the Jarama river basin,
Spain (20), found more carbon dioxide and higher soil stability, but rarely found more
organic matter, in soils with added compost, compared to soils without added compost.
Organic matter: Higher percentages of organic carbon were found in soils with added
compost, compared to soils without added compost, in one of five comparisons (spring
2010, immediately after adding compost: 72% vs 85% unhydrolyzed carbon), but not in
four of five comparisons (summer 2010-spring 2011: 63-72% vs 55-72%). Soil erosion
and aggregation: Larger soil aggregates were found in plots with added compost,
compared to plots without added compost (3.0-3.4 vs 0.7-1.3 mm mean weight
diameter). Greenhouse gases: More carbon dioxide was found in soils with added
compost, compared to soils without added compost (amounts of carbon dioxide not
reported). Three plots (10 x 15 m) were fertilized with municipal solid waste compost in
spring 2010, and three plots were not fertilized. Carbon dioxide was measured once every
two weeks (three open chambers/plot, 20 cm diameter, 5 cm deep in the soil). Soil cores
were collected (three 100 cm? soil cores/plot) for other measurements.

A replicated, randomized, controlled study in 2015 in a sorghum field in southern
Italy (21) found inconsistent differences in bacteria abundance between soils with or
without added compost, but found higher bacteria diversity in soils with added compost.
Soil organisms: Higher bacteria abundance was found in soils with added compost, in
three of 32 comparisons (Actinobacteria and one other group: 111-2,017 vs 32-1,746
phylotype 16S rRNA sequences), but lower bacteria abundance was found in three of 32
comparisons (Gemmatimonadetes and Proteobacteria: 80-1,658 vs 141-1,810
sequences). Higher bacteria diversity was found in soils with added compost, compared
to soils without added compost, in one of many comparisons (with double compost
application: data reported as Chao 1 index). Implementation options: Higher bacteria
abundance was found in plots with a double application of compost, compared to single
application, in one of 16 comparisons (Proteobacteria: 1,658 vs 1,469 sequences), but
lower bacteria abundance was found in one of 16 comparisons (another group: 34 vs 111
sequences). Methods: Compost was added to eight treatment plots (single application:
130 kg N/ha; double application: 260 kg N /ha), but not four control plots (5 x 8 m plots).
After three years of compost addition, plants were dug up (three plants/plot) and soil
that was clinging to plant roots was collected for sampling bacteria (through RNA
sequencing).

A replicated, randomized, controlled study in 2003-2011 in farmland the Salinas
Valley, California, USA (22), found no difference in nutrients or soil organisms between
soils with or without added compost. Nutrients: No difference in phosphorus was found
between soils with or without added compost (497 vs 456 mg total phosphorus/kg soil).
Soil organisms: No difference in microbial biomass (measured as phosphorus) was
found between soils with or without added compost (2.0 vs 1.7 mg chloroform-
extractable phosphorus/kg soil). Methods: Composted yard waste (15 Mg/ha/year) was
added to four treatment plots (240 m?), but not four control plots. Lettuce and broccoli
were grown in rotation (two crops/year). Soil samples were collected in soil cores (20
cores/plot, 0-30 cm depth) in 2011.

A replicated, randomized, controlled study in 2009-2011 in farmland in the Salerno
district, Italy (23), found more organic matter and more nutrients in soils with added
compost, compared to soils without added compost, in some comparisons, butless nitrate
was found in some comparisons. Organic matter: More organic matter was found in soils

80



with added compost, compared to soils without added compost, in some comparisons
(farm 1: 30-100% more organic carbon, in 19 of 28 comparisons; farm 2: up to 70%
more; number of significant comparisons not reported). Nutrients: More nitrate was
found in soils with added compost, compared to soils without added compost, in some
comparisons (Farm 1: 55-185% higher nitrate concentration, in eight of 16 reported
comparisons; Farm 2: 45-70% higher, in four of 16 reported comparisons), but less
nitrate was found in some comparisons (Farm 1: 45-55% less, in two of sixteen reported
comparisons). More nitrogen and/or phosphorus were found in soils with added
compost, compared to soils without added compost, in some comparisons (up to 50%
more nitrogen; number of significant comparisons not reported; percentage increase in
phosphorus not reported). Methods: There were three plots (approximately 30 m2) for
each of eight treatments (30 or 60 t/ha of added organic matter, with carbon-to-nitrogen
ratios of 15:1 or 2:1, with or without mineral fertilizer) and two controls (no organic
matter, with or without mineral fertilizer), on two farms. Composted municipal solid
waste was mixed with poplar tree prunings to control carbon-to-nitrogen ratios in the
organic matter. Crops were grown in unheated glasshouses (farm 1: lettuce and melon;
farm 2: kohlrabi). Organic matter was added in early 2009 and 2010. Soil samples were
collected at seven time points in two years (five subsamples/plot, 0-20 cm depth). It was
not clear whether these results were a direct effect of adding compost or adding poplar
prunings.

A replicated, controlled study in 2014 in 29 organic vegetable fields on the Central
Coast, California, USA (24), found more organic matter, phosphorus, and potassium in
soils with added compost, compared to soils without added compost. Organic matter:
More organic matter was found in soils with added compost, compared to soils without
added compost (data reported as model coefficients). Nutrients: More phosphorus and
potassium, but similar amounts of nitrate and similar pH levels, were found in soils with
added compost, compared to soils without added compost (data reported as model
coefficients). Methods: In each of 29 vegetable fields, compost was added to one plot, but
not to one adjacent plot (5 x 5 m plots), 1-2 months before lettuces were planted (25 t
compost/ha, made from cow, chicken, and green manures). Lettuces were planted in
spring (5-28 March) and summer (30 May-5 July). Lettuce weights were measured at
maturity in one 1 x 1 m quadrat/plot. Soil samples were collected in spring (1.25 cm
diameter, 0-10 cm depth).
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3.2.

Add manure to the soil: Soil (11 studies)

Organic matter (8 studies): Five replicated, controlled studies (two randomized) from Italy®9,
Tunisia®, Turkey?, and the USA' found more organic matter in soils with added manure,
compared to soils without it. Three replicated, randomized, controlled studies from Italy8, Spain'?,
and Greece? found similar amounts of organic matter in plots with or without added manure.

Nutrients (5 studies)

o Nitrogen (5 studies): Three replicated, controlled, studies (one randomized) from Italy8°
and Tunisia® found more nitrogen in soils with added manure, compared to soils without
it, in some comparisons. Two replicated, randomized, controlled studies from Greece?
and ltaly® found similar amounts of nitrogen in soils with or without added manure.

o Phosphorus (3 studies): One replicated, randomized, controlled study from Greece3
found more phosphorus in soils with added manure, compared to soils without it. One
replicated, randomized, controlled study from Italy® found similar amounts of phosphorus
in soils with or without added manure. One replicated, controlled study from Italy® found
inconsistent differences in phosphorus between soils with or without added manure.

o Potassium (2 studies): Two replicated, randomized, controlled studies from Italy® and
Greece?® found more potassium in soils with added manure, compared to soils without it.

o pH (3 studies): One replicated, randomized, controlled study from Tunisia® found lower
pH levels in soils with added manure, compared to soils without it. One replicated,
controlled study from ltaly® found higher pH levels in soils with added manure. One
replicated, randomized, controlled study from Italy® found similar pH level in soils with or
without added manure.

Soil organisms (3 studies)

o Microbial biomass (2 studies): Two replicated, randomized, controlled studies from Italyé
and Spain" found similar amounts of microbial biomass in soils with or without added
manure.

o Nematodes (1 study): One replicated, randomized, controlled study from Greece? found
similar numbers of nematodes in soils with or without added manure.

Soil erosion and aggregation (4 studies): One replicated, randomized, controlled study from
Spain* found less erosion in plots with added manure, compared to plots without added manure.
Three replicated, randomized, controlled studies from Spain4'" and Turkey? found higher soil
stability in plots with added manure, compared to plots without added manure, in some or all
comparisons. One replicated, controlled study from the USA' found similar soil stability in plots
with or without added manure.

Greenhouse gases (2 studies): One replicated, controlled study from the USA' found higher
carbon dioxide emissions in plots with added manure, compared to plots without added manure.
One replicated, randomized, controlled study from Spain? found higher nitrous oxide emissions
in plots with added manure, compared to plots without added manure.

Implementation options (1 study): One study from Tunisia® found no differences in organic
matter or pH between soils with different amounts of added manure, but found less nitrate in soils
with less added fertilizer.
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Areplicated, controlled study in 1997-1998 in irrigated fallow land in California, USA (1),
found more organic matter and higher carbon dioxide emissions in plots with added
manure, compared to plots without manure added. Organic matter: More organic matter
was found in soils with added manure (16 vs 10 g/kg). Soil erosion and aggregation:
Similar aggregate stability was found in soils with or without added manure (366 vs 300
g/kg). Greenhouse gases: Higher carbon dioxide emissions were found in plots with
added manure (3 vs 1 carbon dioxide pg/g/day). Methods: Plots (2 x 2 m) had poultry
manure (25 Mg/ha) or no added fertilizer (five plots each). Manure was added in April
1987, February 1988, and October 1988 and was immediately incorporated into the soil
(15 cm depth). Plots were irrigated weekly (100 mm/day). Five soil samples (25-100 mm
depth) were taken from each plot.

A replicated, randomized, controlled study in 1995-1999 in arable farmland in
southern Turkey (2) found more organic matter and greater soil stability in soils with
added manure, compared to soils without added manure. Organic matter: More organic
matter was found in soils with added manure, compared to soils without added manure,
in one of two comparisons (1.8% vs 1.6%). Soil erosion and aggregation: Larger soil
particles were found in plots with added manure, compared to plots without added
manure (0.38-0.43 vs 0.18-0.29 mm mean weight diameter). Methods: Cattle manure
(25 t/ha) was added to three treatment plots (10 x 20 m), but not three control plots.
Wheat, sweet peppers, and maize were grown in rotation. Soils were sampled in 1999,
after harvesting the last wheat crop (0-30 cm depth). Wet sieving was used to determine
mean weight diameter.

A replicated, randomized, controlled study in 2002-2005 in an irrigated maize field
in Greece (3) found similar amounts of organic matter in soils with or without added
manure. Organic matter: Similar amounts of carbon were found in soils with or without
added manure (5.7 vs 5.3 g/kg). Nutrients: Similar amounts of nitrogen were found in
soils with or without added manure (0.81 vs 0.72 g N/kg). More phosphorus and
potassium was found in soils with added manure, compared to soils without added
manure (15-21 vs 4-11 mg P/kg; 67-85 vs 46-75 mg K/kg). Methods: Plots (5.6 x 8 m)
had liquid cow manure (80 Mg/ha/year) or no added fertilizer (six plots each). The
manure was incorporated into soil with a disk harrow (12-15 cm depth) within two
hours of application. Soil samples were collected at the end of the growing season in 2005
(three samples/plot, 0-30 cm depth).

A replicated, randomized, controlled study in 2001-2005 in the Guadalquivir Valley,
Andalusia, Spain (4), found greater stability and less erosion in soils with added manure,
compared to soils without added manure. Soil erosion and aggregation: More stable
soils were found in plots with added manure, compared to plots without added manure,
in two of four years (data reported as log instability index). Less soil was lost from plots
with added manure, compared to plots without added manure, after rainfall (60 mm
rainfall /hour, in two of four years: 175-192 vs 210-211 kg/ha; 140 mm rainfall/hour, in
three of four years: 390-439 vs 508-520). Methods: There were four plots (9 x 9 m) for
each of two treatments (5.8 or 11.6 t poultry manure/ha) and there wre four control plots
(no manure). The manure was added in October 2001-2004, and soils were ploughed (25
cm depth). Soil samples were collected one day before the manure was added, in 2002-
2004, and also in October 2005 (30 mm diameter gauge augers, 25 cm depth). Soils were
watered to simulate rainfall in October 2002-2005 (60 or 140 mm rainfall/hour), and
soil loss was measured in plots (1 x 1 m) that overlapped the borders of the treatment
and control plots by 0.5 m.
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A replicated, randomized, controlled study in 1999-2004 in bare plots in Tunisia (5)
found more organic matter and nitrogen, but lower pH levels, in soils with added manure,
compared to soils without added manure. Organic matter: More carbon was found in
soils with added manure, in one of four comparisons (28 vs 9 g/kg). Nutrients: More
nitrogen was found in soils with added manure (1.3-2 vs 1 g/kg). Lower pH levels were
found in soils with added manure, in one of four comparisons (8 vs 8.3). Implementation
options: Less carbon and nitrogen was found in plots with less fertilizer, compared to
more fertilizer (carbon, in one of two comparisons: 12 vs 28 g/kg; nitrogen: 1 vs 2 g/kg).
Similar pH levels were found in plots with different amounts of added manure (pH 8).
Methods: Bare plots (1.5 x 1.5 m) had added manure (0, 40, or 120 t/ha) or no added
manure (four plots for each). Manure was incorporated into the soil (10-15 cm depth).
Soil samples (five samples/plot, 0-40 cm depth) were collected in September 2004.

A replicated, randomized, controlled study in 2001-2009 in an irrigated nectarine
orchard in Italy (6) found more potassium in plots with added manure, compared to plots
without added manure. Organic matter: Similar amount of organic matter were found
in plots with or without added manure (2-3% vs 2%). Nutrients: Similar amounts of
ammonium (1-6 vs 2-6 mg/kg) and phosphorus (20 vs 13 mg/kg), and similar pH levels
(pH 7.8) were found in plots with or without added manure. More potassium was found
in plots with added manure (312 vs 227 mg/kg). Soil organisms: Similar amounts of
microbial biomass (measured as carbon) were found in plots with or without added
manure (2-13 vs 4-10 mg/g). Methods: Four plots received 5-10 kg dry cow manure/ha,
and four plots received no fertilizer. The manure was tilled into the soil (25 cm depth).
Soil samples were collected in September (3-40 cm depth for organic matter in 2001-
2008 and phosphorus in 2006) and four times in spring and summer in 2008-2009 (0-
80 cm depth for nitrogen, and 4-20 cm depth for microbial biomass).

A replicated, randomized, controlled study in 2007-2009 in an irrigated onion field
near Madrid, Spain (7), found higher nitrous oxide and methane emissions in plots with
added manure, compared to plots without added manure. Greenhouse gases: Higher
nitrous oxide and methane emissions were found in plots with added manure (nitrous
oxide: 1 vs 0.4 kg/ha; methane: 0.08 vs -1.15 kg/ha). Methods: Plots (20 m?) had manure
(a mixture of hen and goat manure) or no fertilizer (three plots each), added in 2007 and
2008 (110 kg N/ha). The manure was immediately incorporated into the soil (10 cm
depth), using a rotocultivator. Plots were irrigated 1-2 times/week (608-618 mm/year).
Greenhouse-gas samples (closed chambers, 19 litre volume, 10 mL samples, 0, 30, and 60
minutes after closing) and soil samples (0-10 cm depth) were collected four times/week
in the first two weeks after fertilizer was applied, twice/week during the first month, and
once/week until the end of cropping season.

A replicated, controlled study in 2006 in an almond orchard in Italy (8) found more
organic matter, nitrogen, and higher pH levels in plots with added manure, compared to
plots without added manure. Organic matter: More carbon was found in plots with
added manure, compared to plots without added manure, in four of six comparisons
(8,173-9,420 vs 7,339-8,263 mg/kg). Nutrients: More nitrogen was found in plots with
added manure (1,027-1,280 vs 727-827 mg/kg). Higher pH levels were found in plots
with added manure, in one of six comparisons (8.57 vs 8.31). Methods: Plots (495 m?)
had manure pellets (1.5 t/ha) or no fertilizer (three plots for each). Plots were drip-
irrigated (2,000 m3/ha/year). Soil samples were collected in 2006 (five samples/plot, 0-
15 cm depth).

A replicated, controlled study in 2006-2007 in an almond orchard in Italy (9) found
more organic matter and nitrogen, but inconsistent difference in phosphorus, in soils
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with added manure, compared to soils without added manure. Organic matter: More
carbon was found in soils with added manure, in five of six comparisons (0.81-0.91% vs
0.52-0.63%). Nutrients: More nitrogen was found in soils with added manure (0.10-0.17
vs 0.06-0.08%). Less phosphorus was found in soils with added manure, in five of six
comparisons (1-6 vs 7-16 pg/g), but more was found in one of six comparisons.
Methods: Plots (85 x 17.5 m) had added manure (commercial cow manure pellets: 1.5
t/h) or no added manure (three plots for each). Manure was incorporated into the soil
(15 cm depth). Soil samples (five samples/plot, 0-15 cm depth) were collected in
November 2006 and 2007.

A replicated, randomized, controlled study in 2009 in an abandoned wheat field in
Greece (10) found similar numbers of nematodes in plots with or without added manure.
Soil organisms: Similar numbers of nematodes were found in soils with or without
added manure (368-559 vs 308-567 individuals/100 cm3). Methods: Plots (1 x 1 m) had
added manure (4 kg/m2) or no added manure (four plots for each). Manure was added in
January and incorporated into the soil with a mattock. Soil samples (three/plot, 3-20 cm
depth) were collected in March and June.

A replicated, randomized, controlled study in 2008-2011 in a wheat-barley field in
northeast Spain (11) found similar amounts of organic matter and microbial biomass, but
greater soil stability, in soils with added manure, compared to soils without added
manure. Organic matter: Similar amounts of organic carbon were found in soils with or
without added manure (amounts not reported). Soil organisms: Similar amounts of
microbial biomass (measured as carbon) were found in soils with or without added
manure (579-1,230 vs 591-900 mg C/kg soil). Soil erosion and aggregation: More
water-stable macroaggregates, and larger macroaggregates, were found in soils with
added manure, compared to soils without added manure (0.43 vs 0.39 kg water-stable
macroaggregates/kg soil; 3.23 vs 3.02 mm mean weight diameter). Methods: Poultry
manure (100 kg N/ha) was added to three treatment plots, but not to three control plots
(5 x 12 m plots). Soil samples were collected seven times, from March 2010 to July 2011,
with a flat spade (0-5 cm depth, two samples/plot).
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(11 Plaza-Bonilla, D., Alvaro-Fuentes, ]. & Cantero-Martinez, C. (2013) Soil Aggregate Stability as
Affected by Fertilization Type under Semiarid No-Tillage Conditions. Soil Science Society of
America Journal, 77, 284-292.

3.3. Add sewage sludge to the soil: Soil (6 studies)

e Organic matter (1 study): One replicated, controlled study from the USA' found more organic
matter in soils with added sewage sludge, compared to soils without it.

e Nutrients (2 studies): One replicated, controlled study from Spain* found more nitrate in soils with
added sewage sludge, compared to soils without it. One replicated, randomized, controlled study
from Portugal® found similar amounts of nitrate in soils with or without added sewage sludge.

e Soil organisms (2 studies): Two replicated, controlled studies (one randomized) from Spain35
found similar amounts of microbial biomass in soils with or without added sewage sludge.

e Soil erosion and aggregation (2 studies): One replicated, controlled study from Spain? found
less erosion in plots with added sewage sludge, compared to plots without it. One replicated,
controlled study from the USA' found no difference in stability between soils with or without added
sewage sludge.

e Greenhouse gases (2 studies): Two replicated, controlled studies from Spain? and the USA" found
higher carbon dioxide emissions from soils with added sewage sludge, compared to soils without
it.

e Implementation options (1 study): One replicated, controlled study from Spain* found more

nitrate in soils with digested sewage sludge, compared to composted or thermally dried sewage
sludge.

Areplicated, controlled study in 1997-1998 in irrigated fallow land in California, USA (1),
found more organic matter and carbon dioxide in soils with added sewage sludge,
compared to soils without it. Organic matter: More organic matter was found in soils
with added sewage sludge, compared to soils without it (19 vs 10 g/kg). Soil erosion and
aggregation: Similar amounts of water-stable aggregates were found in soils with or
without added sewage sludge (367 vs 300 g/kg). Greenhouse gases: Higher carbon
dioxide emissions were found in plots with added sewage sludge compared to plots
without it (4 vs 1 pg/g/day). Methods: Plots (2 x 2 m) had sewage sludge (25 Mg/ha) or
no added fertilizer (five plots each). Sewage sludge was added in April 1987, February
1988, and October 1988, and immediately incorporated into the soil (15 cm depth). Plots
were irrigated weekly (100 mm/day). Five soil samples (25-100 mm depth) were taken
from each plot.

A replicated, controlled study (year not reported) on a slope in Murcia, Spain (2),
found less soil erosion in plots with added sewage sludge, compared to plots without it.
Soil erosion and aggregation: Less soil was lost in runoff water from plots with added
sewage sludge, compared to plots without it, after rainfall events (eight initial events: 48
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vs 299 g soil/m?; later events: 25 vs 62). Methods: Sewage sludge was added to three
treatment plots, but not three control plots (10 x 3 m plots, 15% slope). Soil loss was
measured in runoff water, collected from the lower edge of each plot, after each rainfall
event. Enough sewage sludge was added to the soil to increase its organic carbon content
by 2%. The soil was rotovated to a (20 cm depth), to incorporate the sewage sludge.

Areplicated, controlled study in 2004 in a barley field in Spain (3) found more carbon
dioxide in soils with added sewage sludge, compared to soils without it. Soil organisms:
Similar amounts of microbial biomass (measured as carbon) were found in soils with or
without added sewage sludge (179-229 vs 174 mg/kg). Greenhouse gases: Higher rates
of respiration (measured as carbon dioxide) were found in soils with added sewage
sludge, compared to soils without it, in one of two comparisons (50 vs 15 pg CO2/g/day).
Methods: Sewage sludge (40 t/ha) was added to some plots, but not to others (plot size
and number of replicates not reported). Soil samples (0-20 cm depth) were taken from
each plot, nine and 36 months after adding the sewage sludge.

A replicated, controlled study in 2001-2003 in a degraded wood pasture in
Catalonia, Spain (4), found more nitrate in soils with added sewage sludge, compared to
soils without it. Nutrients: More nitrate was found in soils with added sewage sludge,
compared to soils without it (24-47 vs 3 kg N-NOs/ha). Implementation options: More
nitrate was found in soils with added digested sewage sludge, compared to composted or
thermally dried sewage sludge (47 vs 24-28 kg N-NOs/ha). Methods: There were five
plots (20 x 5 m) for each of three sewage-sludge treatments (10 t dry matter/ha of
composted, digested, or thermally dried sewage sludge) and one control (no sewage
sludge). To restore the wood pasture, shrubs and small trees were crushed and scattered
on the soil, and grass seeds were sown. Soil was collected in soil cores (10 cores/plot, 0-
20 cm depth).

A replicated, randomized, controlled study in 2002-2005 in a barley field in Toledo,
Spain (5), found similar amounts of microbial biomass in soils with or without added
sewage sludge. Soil organisms: Similar amounts of microbial biomass (measured as
carbon) were found in soils with or without added sewage sludge (86-136 vs 76 mg
C/ha). Methods: The sewage sludge was thermally dried at 75°C. There were four plots
(10 x 3 m) for each of four fertilizer treatments (20 or 80 t sewage sludge/ha, applied
once in three years or once/year) and there were four control plots (no fertilizer). Plots
were fertilized in mid-September and planted in mid-October.

A replicated, randomized, controlled study in 2006-2008 in a cereal field in the
Castelo Branco region, Portugal (6), found similar amounts of nitrate in soils with or
without added sewage sludge. Nutrients: Similar amounts of nitrate were found in soils
with or without added sewage sludge (1-50 vs 1-10 mg NOs3-N/litre water). Methods:
Water in the soil was collected in porous ceramic suction cup samplers (four/plot; 0.6-
0.7 m depth; 50 kPa for 24 hours), whenever drainage occurred (October-November and
April-May; 16 samples in total). There were three plots (5.6 x 8 m) for each of two
treatments (single application or split application of sewage sludge) and one control (no
sewage sludge). Maize was grown in spring-summer, and oats were grown in autumn-
winter.

(D Martens, D.A. & Frankenberger, W.T. (1992) Modification of Infiltration Rates in an Organic-
Amended Irrigated Soil. Agronomy journal, 84, 707-717.

(2) Ros, M., Garcia, C. & Hernandez, T. (2001) The use of urban organic wastes in the control of
erosion in a semiarid Mediterranean soil. Soil Use and Management, 17, 292-293.
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Biology and Fertility of Soils, 39, 320-328.
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Environmental Management, 82, 446-456.

Fernandez, ].M., Plaza, C., Garcia-Gil, ].C. & Polo, A. (2009) Biochemical properties and barley yield
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Carneiro, J.P., Coutinho, J. & Trindade, H. (2012) Nitrate leaching from a maize x oats double-
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Agriculture, Ecosystems & Environment, 160, 29-39.

Add slurry to the soil: Soil (14 studies)

Organic matter (4 studies): Three studies (two replicated, randomized, controlled; one meta-
analysis) from Spain®!" and multiple Mediterranean countries® found similar amounts of organic
matter in soils with or without added slurry. One replicated, randomized, controlled study from
Spain'® found more organic matter in soils with added slurry, compared to soils without it, in
some comparisons.

Nutrients (4 studies): Two replicated, randomized, controlled studies from Spain'.'2 found more
nitrate in soils with added slurry, compared to soils without it. Two replicated, randomized,
controlled studies from Portugal” and Spain'3 found similar amounts of nitrate in soils with or
without added slurry. One of these studies'3 also found more ammonium, but another one'? did
not.

Soil organisms (2 studies): One replicated, randomized, controlled study from Spain'? found
more microbial biomass in soils with added slurry, compared to soils without it, but another one?
did not.

Soil erosion and aggregation (1 study): One replicated, randomized, controlled study from
Spain® found more stable soils in plots with added slurry, compared to plots without it, in some
comparisons.

Greenhouse gases (8 studies)

o Carbon dioxide (3 studies): Of three replicated, randomized, controlled studies from
Spain411.12 two studies'".'2 found higher carbon dioxide emissions in soils with added
slurry, compared to soils without it, but one study* did not.

o Methane (4 studies): One replicated, randomized, controlled study from Spain3 found
that less methane was absorbed by soils with added slurry, compared to soils without it.
Three replicated, randomized, controlled studies from Spain#11.12 found similar methane
fluxes in soils with or without added slurry.

o Nitrous oxide (6 studies): Five replicated, randomized, controlled studies from
Spain2356.13 found higher nitrous oxide emissions in soils with added slurry, compared
to soils without it, in some or all comparisons. One replicated, randomized, controlled
study from Spain'2 found similar nitrous oxide emissions in soils with or without added
slurry.
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e Implementation options (3 studies): One replicated, randomized, controlled study from Spain'*
found no differences in organic matter or greenhouse-gas emissions between plots with different
amounts of slurry. One replicated, randomized, controlled study from Spain' found similar
amounts of nitrogen in soils with or without added slurry. One replicated, randomized, controlled
study from Spain3 found similar nitrous oxide emissions in soils with digested or untreated pig
slurry. One replicated, randomized, controlled study from Spain4 found similar carbon dioxide
and methane emissions in soils with digested or untreated slurry.

A replicated, controlled study in 1998-1999 in irrigated arable farmland in Spain (1)
found more nitrate in soils with added slurry, compared to soils without it. Nutrients:
More nitrate was found in soils with added slurry, compared to soils without it (40-90 vs
10-22 mg/kg). Methods: Plots (10 x 11 m) had added pig slurry (165 kg/ha) or no added
fertilizer (three replicates each). Slurry was incorporated into the soil, five days after
application, using a rotocultivator (0-5 cm depth). Soil samples were taken during the
first 15 days after application and every 2 weeks thereafter.

A replicated, randomized, controlled study in 2002 in irrigated arable farmland in
Spain (2) found higher nitrous oxide emissions in plots with added slurry, compared to
plots without it. Greenhouse gases: Higher nitrous oxide emissions were found in plots
with added slurry, compared to plots without it, in one of two comparisons (1.1vs 0.5 g
N/m?2). Implementation options: Similar nitrous oxide emissions were found in plots
with surface application, compared to injection, of slurry (0.8 vs 1 g N/m?). Methods:
Plots (3 x 3 m) growing tall fescue Festuca arundinacea had pig slurry (surface application
or injection, 200 kg N/ha) or no fertilizer (three plots each). Each plot had a lysimeter (1
x 1 m, 0.75 m depth) to measure leaching. Slurry was injected (5 L/m) or applied with a
watering can. Water (5 L/plot) was added to the control plots. All plots were sprinkler-
irrigated (June-August: daily; September: twice/week). Soil cores were taken from the
centre of the plots (0-10 cm depth). Gas samples were taken (chambers, 30 cm diameter,
30 cm height) twice/day for 1-4 days after slurry application, every 2-3 days from 7 to
40 days after application, once/week in July and August, and every fortnight in
September-December.

A replicated, randomized, controlled study in 2004 in a maize field in the Jarama
river basin, Spain (3), found higher nitrous oxide emissions from soils fertilized with
slurry, compared to unfertilized soils. Greenhouse gases: Higher nitrous oxide
emissions were found in soils with slurry, compared to unfertilised soils (untreated pig
slurry: 8.3 vs 6.0; digested pig slurry: 7.7 vs 6.0 kg N/ha). Implementation options: No
difference in nitrous oxide emissions was found between soils fertilized with digested pig
slurry or untreated pig slurry (7.7 vs 8.3 kg N/ha). Methods: There were three plots (40
m?) for each of two treatments (untreated pig slurry or anaerobically digested thin
fraction of pig slurry) and one control (no slurry). Both slurries were applied at a rate of
175 kg available N/ha. Nitrous oxide was measured in closed chambers (two
chambers/plot, one within a maize row, one between rows; 35 cm diameter, 23 cm
height; one sample/week, April-September).

A replicated, randomized, controlled study in 2006 in a barley field in the Henares
river basin, Spain (4), found no difference in greenhouse-gas emissions between soils
with or without added slurry. Greenhouse gases: No differences in greenhouse-gas
emissions were found between soils with or without added slurry (digested slurry,
carbon dioxide: 465 vs 411 kg C/ha; methane: -287 vs -294 mg C/m?; untreated slurry,
carbon dioxide: 447 vs 411; methane: -229 vs -294). Implementation options: No
differences in greenhouse-gas emissions were found between soils fertilized with
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digested slurry, compared to untreated slurry (carbon dioxide: 465 vs 447 kg C/ha;
methane: -287 vs -229 mg C/m?). Methods: There were three plots (30 m?2) for each of
two treatments (anaerobically digested thin fraction of pig slurry or untreated pig slurry)
and three control plots (no slurry). Slurry was applied in January (125 kg available N/ha).
Plots were cultivated (5 cm depth) to incorporate the slurry. Barley was planted in
January and harvested in June. Greenhouse-gas emissions were measured with closed
chambers (35 cm diameter, 25 cm height, 1-4 measurements/plot/week, 23 January-28
November).

A replicated, randomized, controlled study in 2007-2009 in an irrigated onion field
near Madrid, Spain (5), found that more nitrous oxide was emitted from, and less
methane was absorbed by, plots with added slurry, compared to plots without it.
Greenhouse gases: More nitrous oxide was emitted from plots with slurry, compared to
plots without it (1 vs 0.4 kg/ha), and less methane was absorbed by plots with slurry (-
0.5 vs -1 kg/ha). Methods: Plots (20 m2) had anaerobically digested pig slurry (110 kg
N/ha) or no fertilizer in 2007 and 2008 (three plots for each). Slurry was immediately
incorporated into the soil (10 cm depth), using a rotocultivator. Plots were irrigated 1-2
times/week (608-618 mm/year). Greenhouse-gas samples (closed chambers, 19 litre
volume, 10 mL samples, 0, 30, and 60 minutes after closing) and soil samples (0-10 cm
depth) were collected four times/week in the first two weeks after fertilizer was applied,
twice/week during the first month, and once/week until the end of cropping season.

A replicated, randomized, controlled study in 2007 in an irrigated melon field in
Spain (6) found lower nitrous oxide emissions from plots with added slurry, compared to
plots without it. Greenhouse gases: Higher nitrous oxide emissions were found in plots
with added slurry, compared to plots without it (1-3 vs 2-3 kg/ha). Methods: Plots (4 x
5 m) growing melon Cucumis melo (6,950 plants/ha) had digested pig slurry or no slurry,
and were either drip or furrow irrigated (three plots for each). Slurry was applied using
a hose pipe (175 kg N/ha). Additional fertilizers were added immediately after
(phosphorous: 50 kg/ha; potassium: 150 kg/ha). Slurry and fertilizer were incorporated
into the soil (15 cm) using a rotocultivator. For furrow irrigation (2 L/min), there were
five furrows/plot (80 cm width, 15 cm depth, 100 cm apart). For drip irrigation (3 L/h),
there were two lines/subplot (1.8 m apart). Irrigation was applied 20 times, on a weekly
basis. Gas samples were taken weekly until irrigation, daily for the first week after
fertilizer application, 2-3 days/week for the first month, and then weekly.

A replicated, randomized, controlled study in 2006-2008 in a cereal field in the
Castelo Branco region, Portugal (7), found similar amounts of nitrate in soils with or
without added slurry. Nutrients: Similar amounts of nitrate were found in plots with and
without added slurry (1-22 vs 1-10 mg NO3-N/L water). Methods: Water in the soil was
collected in porous ceramic suction cup samplers (four/plot; 0.6-0.7 m depth; 50 kPa for
24 hours), whenever drainage occurred (October-November and April-May; 16 samples
in total). Cattle slurry was added to three treatment plots (5.6 x 8 m), but not three control
plots, in spring. Maize was grown in spring-summer, and oats were grown in autumn-
winter.

A meta-analysis from 2013 of studies in Mediterranean climates (8) found similar
percentages of organic carbon in soils with or without added slurry. Organic matter:
There was no difference in organic carbon between soils with or without added slurry
(2% higher in soils with slurry). Methods: Slurry included liquid pig and cattle manure,
both raw and digested. The Web of Knowledge database was searched, using the

» o«

keywords, “Mediterranean”, “soil”, and “conventional”, and 3 data sets from 3 studies of
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slurry amendment were found and meta-analysed. The most recent studies included in
this meta-analysis were published in 2011.

A replicated, randomized, controlled study in 2008-2011 in a wheat-barley field in
Catalonia, northeast Spain (9), found similar amounts of organic matter and soil
organisms, but greater soil stability, in soils with added manure, compared to soils
without it. Organic matter: Similar amounts of organic carbon were found in soils with
or without added slurry (amounts not reported). Soil organisms: Similar amounts of
microbial biomass (measured as carbon) were found in soils with or without added slurry
(655-1,372 vs 591-900 mg C/kg soil). Soil erosion and aggregation: More water-stable
macroaggregates, and larger macroaggregates, were found in soils with added slurry in
(200 kg N/ha) compared to soils without it, in one of two comparisons (0.43-0.44 vs 0.39
kg water-stable macroaggregates/kg soil; 3.30 vs 3.02 mean weight diameter). Methods:
There were three plots (5 x 12 m) for each of two treatments (pig slurry, added at 100 or
200 kg N/ha) and there were three control plots (no slurry). Crops were planted in
October (with a seed drill) and harvested by the end of June. Soil samples were collected
seven times, from March 2010 to July 2011, with a flat spade (0-5 cm depth, two
samples/plot).

A replicated, randomized, controlled study in 2002-2012 in a rainfed cereal field in
Spain (10) found more organic matter and nutrients in soils with added slurry, compared
to soils without it. Organic matter: More organic matter was found in plots with slurry,
in one of five comparisons (1.9% vs 1.6%). Nutrients: More nitrogen, phosphorus, and
potassium was found in plots with added slurry (nitrogen, in one of five comparisons:
0.14% vs 0.12%; phosphorus, in three of five comparisons: 52-78 vs 31 mg/kg;
potassium, in two of five comparisons: 408-528 vs 279 mg/kg). Similar pH levels were
found in plots with or without added slurry (pH 8.3-8.4). Soil organisms: Similar
numbers of oribatid mites were found in plots with or without added slurry (2,404-5,448
vs 4,304 individuals/m?). Methods: Plots (11 x 12.5 m or 7 x 12.5 m) had slurry (pig: 30
or 55 t/ha/year; sow: 25, 55, or 80 t/ha/year) or no fertilizer (12 replicates of each, but
three replicates with sow slurry at 25 t/ha/year). Plots had reduced tillage (disc-
harrowing, 15 cm depth) or no tillage (with herbicide). Straw was removed from all plots.
Soil samples were collected in October 2011, February 2012, and May 2012 from plots
without fertilizer and plots with 25 t/ha/year (three cores/plot, 0-5 cm depth). The other
plots were sampled in May 2012.

A replicated, randomized, controlled study in 2010-2013 in rainfed barley fields in
Spain (11) (same study as (13)), found higher carbon dioxide emissions in plots with
added slurry, compared to plots without it. Organic matter: Similar amounts of carbon
were found in plots with or without added slurry (98-110 vs 83-96 Mg/ha). Greenhouse
gases: Similar amounts of methane were absorbed by plots with or without added slurry
(-1 vs -2 kg C/ha). Higher carbon dioxide emissions were found in plots with added
slurry (4,294-4,586 vs 3,227 kg C/ha). Implementation options: Similar amounts of
carbon were found in plots with less or more slurry (98-110 vs 100-107 Mg/ha). Similar
amounts of methane were absorbed by plots with less or more slurry (-1 vs -2 kg C/ha).
Similar carbon dioxide emissions were found in plots with less or more slurry (4,294 vs
4,586 kg C/ha). Methods: Plots (40 x 12 m) had pig slurry (75 or 150 kg N/ha) or no
fertilizer (three plots for each). Plots had conventional tillage (mouldboard plough: 25 cm
depth; cultivator: 15 cm depth) or no tillage. Soil samples were collected at the end of the
experiment (two samples/plot; 0-75 cm depth).

A replicated, randomized, controlled study in 2010-2012 in a rainfed barley field in
Spain (12) found more nitrate and higher carbon dioxide emissions in plots with added
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slurry, compared to plots without it. Nutrients: Similar amounts of ammonium were
found in plots with or without slurry (2.6 vs 1.9 mg/kg). More nitrate was found in plots
with slurry (89 vs 20 mg/kg). Soil organisms: Similar amounts of microbial biomass
(measured as carbon) were found in plots with or without slurry (859 vs 893 mg/kg), but
more microbial biomass (measured as nitrogen) was found in plots with slurry (338 vs
177 mg/kg). Soil erosion and aggregation: Similar amounts of water-stable aggregates
were found in plots with or without slurry (0.2 vs 0.1-0.2 g). Greenhouse gases: Higher
carbon dioxide emissions were found in plots with slurry (1,669 vs 1,218 pg/kg
macroaggregates/hour). Similar amounts of methane were absorbed by plots with or
without slurry (-0.1 vs -0.2 pg/kg macroaggregates/hour). Similar nitrous oxide
emissions were found in plots with or without slurry (1 vs 0.6 pg/kg
macroaggregates/hour). Methods: Plots had pig slurry (150 kg N/ha) or no fertilizer
(three plots each; plot size not clearly reported). Plots had conventional tillage (20 cm
depth) or no tillage. Soil samples (0-5 cm depth) and gas samples (15 mL) were collected
in March 2012.

A replicated, randomized, controlled study in 2010-2013 in rainfed barley fields in
Spain (13) (same study as (11)) found more ammonium and higher nitrous oxide
emissions in plots with added slurry, compared to plots without it. Nutrients: Similar
amounts of nitrate were found in plots with or without added slurry (59-107 vs 65
kg/ha). More ammonium was found in plots with added slurry (12-16 vs 3 kg/ha).
Greenhouse gases: Higher nitrous oxide emissions were found in plots with added
slurry, compared to plots without it, in one of two comparisons (0.2 vs 0.1 mg/m/d)
Methods: Plots (40 x 12 m) had pig slurry (75 or 150 kg N/ha) or no fertilizer (three plots
for each). Plots had conventional tillage (mouldboard plough: 25 cm depth; cultivator: 15
cm depth) or no tillage. Soil samples were collected at the end of the experiment (two
samples/plot; 0-75 cm depth).

A replicated, randomized, controlled study in 2003-2004 in an irrigated maize field
in Spain (14) found similar amounts of nitrogen in plots with different amounts of added
slurry. Implementation options: Similar amounts of nitrogen were found in plots with
different amounts of added slurry (21-80 kg N/ha). Methods: Plots (30 x 40 m) had pig
slurry (30, 60, 90, or 120 Mg/ha) or no fertilizer (three plots for each). Slurry was
immediately covered after application. Lysimeters (2.6 x 2 m; 1.5 m depth) were installed
in each plot, five years before the study. Each lysimeter was drip-irrigated, simulating
flood irrigation (May to mid-September, with 7-12 intervals). Soil samples were collected
after harvest (0-120 cm depth).

(D Vallejo, A, Diez, ].A., Lopez-Valdivia, L.M,, Cartagena, M.C., Tarquis, A. & Hernaiz, P. (2004)
Denitrification from an irrigated soil fertilized with pig slurry under Mediterranean conditions.
Biology and Fertility of Soils, 40, 93-100.

(2) Vallejo, A., Garcia-Torres, L., Diez, ].A., Arce, A. & Lopez-Fernandez, S. (2005) Comparison of N
losses (NO3, N20, NO) from surface applied, injected or amended (DCD) pig slurry of an irrigated
soil in a Mediterranean climate. Plant and Soil, 272, 313-325.

(3) Meijide, A., Diez, ].A., Sdnchez-Martin, L., Lopez-Fernandez, S. & Vallejo, A. (2007) Nitrogen oxide
emissions from an irrigated maize crop amended with treated pig slurries and composts in a
Mediterranean climate. Agriculture, Ecosystems & Environment, 121, 383-394.

(4) Meijide, A., Cardenas, L.M., Sdnchez-Martin, L. & Vallejo, A. (2010) Carbon dioxide and methane
fluxes from a barley field amended with organic fertilizers under Mediterranean climatic
conditions. Plant and Soil, 328, 353-367.

(5) Sanchez-Martin, L., Sanz-Cobena, A., Meijide, A., Quemada, M. & Vallejo, A. (2010) The importance
of the fallow period for N20 and CH4 fluxes and nitrate leaching in a Mediterranean irrigated
agroecosystem. European Journal of Soil Science, 61, 710-720.
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Use organic fertilizer instead of inorganic: Soil (26 studies)

Organic matter (13 studies): Eight replicated studies (including one meta-analysis) from
France?6, Italy69.15, Spain'923, Turkey!, and Mediterranean countries'® found more organic
matter in soils with organic fertilizer, compared to inorganic fertilizer, in some comparisons. Five
replicated, randomized, controlled studies from Greece3, Spain?1120, and the USA’ found similar
amounts of organic matter in soils with organic or inorganic fertilizer.

Nutrients (14 studies)

o Nitrogen (9 studies): Four replicated studies (three controlled, two randomized; one site
comparison) from France?, Italy's, and Spain923 found more nitrogen in soils with
organic fertilizers, compared to inorganic fertilizer, in some comparisons. Five replicated,
randomized, controlled studies from Greece3, Spain''.1225 and the USA? found similar
amounts of nitrogen in soils with organic or inorganic fertilizer.

o Ammonium (3 studies): Two replicated, randomized, controlled studies from Italy® and
Spain2! found more ammonium in soils with organic fertilizer, compared inorganic
fertilizer, in some comparisons. One replicated, randomized, controlled study from
Spain?2 found similar amounts of ammonium in soils with organic or inorganic fertilizer.

o Nitrate (3 studies): One replicated, randomized, controlled study from Spain2! found less
nitrate in soils with organic fertilizer, compared to inorganic fertilizer, in some
comparisons. Two replicated, randomized, controlled studies from Portugal'# and
Spain found similar amounts of nitrate in soils with organic or inorganic fertilizer.
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o Phosphorus (5 studies): Three replicated, randomized, controlled studies from Italy® and
Spain'923 found more phosphorus in soils with organic fertilizer, compared to inorganic
fertilizer, in some or all comparisons. One replicated site comparison from France
found less phosphorous in soils with organic fertilizer, in some comparisons. One
replicated, randomized, controlled study from Spain'2 found similar amounts of
phosphorous in soils with organic or inorganic fertilizer.

o Potassium (6 studies): Three replicated, randomized, controlled studies from ltaly® and
Spain'923 found more potassium in soils with organic fertilizer, compared to inorganic
fertilizer, in some comparisons. Three replicated studies (two controlled, one site
comparison) from France? and Spain'".'2 found similar amounts of potassium in soils
with organic or inorganic fertilizer.

o pH (6 studies): Four replicated studies (three randomized and controlled, one site
comparison) from France?, Italy?, and Spain'123 found similar pH levels in soils with
organic or inorganic fertilizer. One replicated, controlled study from Italy'® found higher
pH levels in soils with organic fertilizer, in some comparisons. One replicated,
randomized, controlled study from Spain2 found lower pH levels in soils with organic
fertilizer, in some comparisons.

Soil organisms (7 studies)

o Microbial biomass (4 studies): Four replicated studies (three randomized and controlled,
one site comparison) from France?, Italy®, and Spain®22 found more microbial biomass
in soils with organic fertilizer, compared to inorganic fertilizer, in some comparisons.

o Other soil organisms (4 studies): One replicated, randomized, controlled study from
Spain2? found fewer bacteria in soils with organic fertilizer, compared to inorganic
fertilizer, in one comparison. One replicated site comparison from France? found fewer
nematodes in plots with organic fertilizer, compared to inorganic fertilizer, in some
comparisons. One replicated, randomized, controlled study from Spain'® found fewer
mites in plots with organic fertilizer, compared to inorganic fertilizer. One replicated,
randomized, controlled study from Italy?* found inconsistent differences in microbes
between plots with organic or inorganic fertilizer.

Soil erosion and aggregation (5 studies): Three replicated, randomized, controlled studies
from Turkey' and Spain'822 found greater aggregation in soils with organic fertilizer, compared
to inorganic fertilizer, in some or all comparisons. Two replicated, randomized, controlled studies
from Spain'' and the USA7 found no difference in aggregation between soils with organic or
inorganic fertilizer.

Greenhouse gases (11 studies)

o Carbon dioxide (5 studies): Four replicated, randomized, controlled studies from Italyé
and Spain?0.2223 found higher carbon dioxide emissions from plots with organic fertilizer,
compared to inorganic fertilizer, in some comparisons. One replicated, randomized,
controlled study from Spain'3 found similar carbon dioxide emissions from plots with
organic or inorganic fertilizer.

o Methane (4 studies): Two replicated, randomized, controlled studies from Spain10.13
found that more methane was absorbed by soils with organic fertilizer, compared to
inorganic fertilizer, in some comparisons. Two replicated, randomized, controlled studies
from Spain?.22 found that similar amounts of methane were absorbed by soils with
organic or inorganic fertilizer.
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o Nitrous oxide (8 studies): Five replicated, randomized, controlled studies from
Spain#8:132223 found similar nitrous oxide emissions from plots with organic or inorganic
fertilizer. Three studies (including one meta-analysis and two replicated, randomized,
controlled studies) from Spain2!, the USA?, and Mediterranean countries'” found lower
nitrous oxide emissions from plots with organic fertilizer, compared to inorganic fertilizer,
in some comparisons.

e Implementation options (4 studies): One study from Spain'® found that plots with slurry
absorbed methane, but plots with manure emitted methane. One study from Italy® found more
organic matter, nutrients, and microbial biomass in plots fertilized with compost, compared to
manure. One meta-analysis'” found lower nitrous oxide emissions after adding solid organic
fertilizer, but not liquid organic fertilizer, compared to inorganic fertilizer. One study?* found
inconsistent differences in soil bacteria with a single or double application of organic fertilizer.

A replicated, randomized, controlled study in 1995-1999 in arable farmland in southern
Turkey (1) found more organic matter and greater stability in soils with organic fertilizer,
compared to inorganic fertilizer. Organic matter: More organic matter was found in soils
with compost, compared to mineral fertilizer, at one of two depths (0-15 cm: 1.8% vs
1.7%). Similar amounts of organic matter were found in soils with manure, compared to
mineral fertilizer (1.6-1.8% vs 1.6%). Soil erosion and aggregation: Larger particles
were found in soils with compost, compared to mineral fertilizer, at one of two depths
(0-15 cm: 0.38 vs 0.27 mm mean weight diameter). Larger particles were found in soils
with manure, compared to mineral fertilizer (0.38-0.43 vs 0.19-0.29 mm mean weight
diameter). Methods: There were three plots (10 x 20 m) for each of three treatments:
cattle manure (25 t/ha), compost (25 t/ha), or mineral fertilizer (160 kg N/ha, 26 kg
P/ha, 83 kg P/ha). The compost was made of grass, stubble, and leaves. Wheat, sweet
peppers, maize, and wheat were grown in rotation. Soils were sampled in 1999, after
harvesting the last wheat crop (0-30 cm depth). Wet sieving was used to determine mean
weight diameter.

A replicated, randomized, controlled study in 2003-2004 in a vegetable field in
Murcia, Spain (2), found lower pH levels in plots with organic fertilizer, compared to
inorganic fertilizer. Organic matter: Similar amounts of carbon were found in plots with
organic or inorganic fertilizer (5-8 vs 3-5 g/kg). Nutrients: Lower pH was found in plots
with organic fertilizer, compared to inorganic fertilizer, in one of four comparisons (pH
7.7 vs 8). Methods: Plots (6 m?) growing Swiss chard Beta vulgaris followed by saltwort
Beta maritima either had organic fertilizer (51 t/ha cow manure) or inorganic fertilizer
(200 kg/ha). Soil was sampled four times, at sowing and sampling of each species (0-20
cm depth).

A replicated, randomized, controlled study in 2002-2005 in an irrigated maize field
in Greece (3) found similar amounts of carbon and nitrogen in plots with organic or
inorganic fertilizer. Organic matter: Similar amounts of organic carbon were found in
soils with organic or inorganic fertilizer (5.7 vs 5.5 g C/kg). Nutrients: Similar amounts
of nitrogen were found in soils with organic or inorganic fertilizer (0.81 vs 0.79 g Kjeldahl
N/kg, 0-30 cm depth). Methods: Plots (5.6 x 8 m) had organic fertilizer (liquid cow
manure 80 Mg/ha/year, before sowing) or inorganic fertilizer (260 kg N/ha/year and 57
kg P/ha/year, before sowing) (six plots each). Fertilizers were incorporated with a disk
harrow (12-15 cm depth) within two hours of application. Soil samples were collected at
the end of the growing season in 2005 (three samples/plot, 0-30 cm depth).
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A replicated, randomized, controlled study in 2004 in a maize field in the Jarama
river basin, Spain (4), found similar greenhouse-gas emissions in soils with organic or
inorganic fertilizer. Greenhouse gases: No difference in nitrous oxide emissions was
found in soils fertilized with pig slurry, compared to soils fertilized with urea (untreated
pig slurry: 8.3 vs 8.6 kg N/ha; digested pig slurry: 7.7 vs 8.6). Methods: There were three
plots (40 m2) for each of two organic fertilizers (anaerobically digested thin fraction of
pig slurry or untreated pig slurry) and one mineral fertilizer (urea, which was a mineral
fertilizer in this study, but urea is also produced from animal waste). Slurries were
applied at a rate of 175 kg available N/ha. Urea was applied at a rate of 50 kg N/ha. Soils
were cultivated to a depth of 5 cm to incorporate the fertilizers. Nitrous oxide was
measured in closed chambers (two chambers/plot, one within a maize row, one between
rows; 35 cm diameter, 23 cm height; one sample/week, April-September).

A replicated, randomized, controlled study in 2002-2005 in a barley field in Toledo,
Spain (5), found more microbial biomass in soils with organic fertilizer, compared to
inorganic fertilizer. Soil organisms: More microbial biomass (measured as carbon) was
found in soils with organic fertilizer, compared to inorganic fertilizer, in two of eight
comparisons (composted sewage sludge: 157-266 vs 83 mg C/ha). Methods: There were
four plots (10 x 3 m) for each of eight organic fertilizers (20 or 80 t thermally dried
sewage sludge/ha, applied once in three years or once/year; 20 or 80 t composted
sewage sludge/ha, applied once in three years or once/year) and one mineral fertilizer
(400 kg NPK/ha/year; 15-15-15 NPK). Plots were fertilized in mid-September and
planted in mid-October.

A replicated, randomized, controlled study in 2003-2005 in farmland in the Sele
river plain, Italy (6), found more organic matter and more carbon dioxide in organically
fertilized soils, compared to inorganically fertilized soils. Organic matter: More organic
matter was found in organically fertilized soils, compared to inorganically fertilized soils,
in five of 18 comparisons (greenhouse, 45 t compost/ha: 30 vs 26 mg organic C/kg dry
soil; open field, 30-45 t compost/ha: 10-12 vs 8). Greenhouse gases: More carbon
dioxide was found in organically fertilized soils, compared to inorganically fertilized soils,
in a greenhouse (0.9-1.2 vs 0.7 pg CO2/g dry soil/hour), but there were no significant
differences in an open field (0.8-1.4 vs 0.9). Methods: At each of two sites (unheated
tunnel greenhouse with 24 m? plots, or open field with 70 m? plots), there were three
replicates for each of four treatments (15, 30, or 45 t compost/ha, in March-April each
year, or NPK fertilizer with 260-325 kg N/ha, 160-320 kg P20s/ha, 140-310 kg K20/ha).
The compost was made from municipal food waste and yard trimmings. Crops were
grown in rotation (greenhouse: tomatoes, beans, lettuce; open field: tomatoes or
eggplants, endive and/or broccoli sprouts). Soil samples (five/plot, 0-20 cm depth) were
collected three times/year before the crops were harvested (greenhouse: spring, autumn,
winter; open field: summer, autumn, winter). Organic carbon was measured in winter
samples (residual carbon). Carbon dioxide (soil respiration) was measured in all samples.

A replicated, randomized, controlled study in 2003-2004 in three maize-tomato
fields near Davis, California, USA (7), found lower greenhouse-gas emissions in soils with
organic fertilizer, compared to inorganic fertilizer. Organic matter: Similar amounts of
organic carbon were found in soils with organic or inorganic fertilizer (18 vs 19 Mg C/ha).
Nutrients: Similar amounts of nitrogen were found in soils with organic or inorganic
fertilizer (1.8-1.9 vs 2.0 Mg N/ha). Soil erosion and aggregation: Similar amounts of
aggregation were found in soils with organic or inorganic fertilizer (1.2 vs 1.4 mm mean
weight diameter). Greenhouse gases: Lower nitrous oxide emissions were found in soils
with organic fertilizer, compared to inorganic fertilizer, in two of seven comparisons
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(emissions not reported for all comparisons; the highest emissions were found in plots
with conventional tillage: 40 g N20-N/ha/day). Methods: Organic or inorganic fertilizer
was used on six plots each (1.5 x 1.0 m plots). Urea was added to inorganically-fertilized
plots (April: 60 kg N/ha; May: 200 kg N/ha). On organically-fertilized plots, inorganic
fertilizer was replaced, every other year, with the residues of legume cover crops (100 kg
N/ha). Soil samples were collected with soil cores (two cores/plot, 4 cm diameter, 0-15
cm depth), when the maize was harvested (September). Greenhouse-gas emissions were
measured with closed chambers (March-September, every three week). Maize was sown
at different times (organically-fertilized plots: March; inorganically-fertilized plots: May),
and different amounts of nitrogen were applied. It was not clear whether these results
were direct effects of differences in the type of fertilizer (organic or inorganic), the
amount of fertilizer, or the planting date.

A replicated, randomized, controlled study in 2009 in a rainfed barley field in Spain
(8) found similar nitrous oxide emissions in plots with organic or inorganic fertilizers.
Greenhouse gases: Similar nitrous oxide emissions were found in plots with organic or
inorganic fertilizers (266-373 vs 345 g/ha). Lower nitric oxide emissions were found
from plots with organic fertilizer, compared to inorganic fertilizers, in three of four
comparisons (29-45 vs 62 g/ha). Methods: Plots (30 m?) had organic fertilizer (pig
slurry, anaerobically-digested pig slurry, municipal solid waste, or composted crop
residue with sludge) or inorganic fertilizer (urea), applied in January 2006 (125 kg N/ha;
three plots for each fertilizer) and incorporated into the soil using a roto-cultivator (0-5
cm depth). Phosphate and potassium (75 and 40 kg/ha, respectively) were added to all
plots. Greenhouse gases were measured in manual chambers (35 cm diameter, 20 cm
height), four times in the first week after fertilizer application, 2-3 times/week in the first
month, and once/week until the end of the cropping season or until emissions were close
to zero.

A replicated, randomized, controlled study in 2001-2009 in an irrigated nectarine
orchard in Italy (9) found more organic matter, nutrients, and microbial biomass in soils
with organic fertilizer, compared to inorganic fertilizer. Organic matter: More organic
matter was found in soils with organic fertilizer, compared to inorganic fertilizer, in 11 of
32 comparisons (2-5% vs 1-2%). Nutrients: More nitrogen (ammonium), phosphorus,
and potassium was found in soils with organic fertilizer, compared to inorganic
(ammonium, in two of 28 comparisons: 10-15 vs 6-7 mg/kg; phosphorus, in one of four
comparisons: 24 vs 14 mg/kg; potassium, in three of four comparisons (299-350 vs 234
mg/kg). Similar pH levels were found in plots with organic or inorganic fertilizer (pH 7.7-
7.8 vs 7.8). Soil organisms: More microbial biomass (measured as carbon) was found in
soils with organic fertilizer, compared to inorganic fertilizer, in 11 of 76 comparisons (5-
22 vs 4-11 mg/g). Implementation options: More organic matter, nutrients, and
microbial biomass was found in plots with compost, compared to manure (organic
matter, in seven of 21 comparisons: 2-5% vs 2-3%; ammonium, in two of 21
comparisons: 10-14 vs 6 mg/kg; phosphorus, in one of three comparisons: 24 vs 20
mg/kg; potassium, in one of three comparisons: 350 vs 312 mg/kg; microbial biomass, in
nine of 60 comparisons: 5-22 vs 2-13 mg/g). Similar pH levels were found in plots with
compost or manure (pH 7.7 vs 7.8). Methods: There were four plots for each of four
organic-fertilizer treatments (5 t compost/ha in May; 5 t/ha split into two applications,
in May and September; 10 t/ha split into two; or 5-10 kg dry cow manure/ha), and there
were four plots for inorganic fertilizer (70-130 kg N/ha, 100 kg P/ha, 200 kg K/ha; plot
size not reported). The compost was made from domestic organic waste and urban
pruning material (50% each). Fertilizers were tilled into the soil (25 cm depth). Soil
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samples were collected in September (3-40 cm depth for organic matter in 2001-2008
and phosphorus in 2006) and four times in spring and summer in 2008-2009 (0-80 cm
depth for nitrogen, and 4-20 cm depth for microbial biomass).

A replicated, randomized, controlled study in 2006 in a barley field in the Henares
river basin, Spain (10), found that more methane was absorbed by soils with organic
fertilizer, compared to inorganic fertilizer. Greenhouse gases: More methane was
absorbed by soils with organic fertilizer, compared to inorganic fertilizer, in one of four
comparisons (digested slurry: -286 vs -115 mg C/m?2). No differences in carbon dioxide
emissions were found between soils with organic fertilizers or urea (334-466 vs 458 kg
C/ha). Methods: There were three plots (30 m?) for each of four organic fertilizers
(anaerobically digested thin fraction of pig slurry, untreated pig slurry, composted
municipal solid waste, or sewage sludge and composted crop residues) and one mineral
fertilizer (urea), applied in January (125 kg available N/ha). Plots were cultivated (0-5
cm depth) to incorporate the fertilizers. Barley was planted in January and harvested in
June. Greenhouse-gas emissions were measured with closed chambers (35 cm diameter,
25 cm height, 1-4 measurements/plot/week, 23 January-28 November).

A replicated, randomized, controlled study in 2006 in a rainfed almond orchard near
Granada, Spain (11), found no differences in organic matter, nutrients, or soil stability
between plots with organic or inorganic fertilizer. Organic matter: Similar amounts of
organic carbon were found in soils with organic or inorganic fertilizer (8.8 vs 8.6 g C/kg
soil). Nutrients: Similar amounts of nitrogen (1.1 g N/kg soil), phosphorus (1.7 vs 2 mg
P/kg soil), and potassium (156 vs 153 mg K/kg soil), and similar pH levels (pH 8.3), were
found in soils with organic or inorganic fertilizer. Soil erosion and aggregation: Similar
soil stability was found in plots with organic or inorganic fertilizer (62% of soil
aggregates were water-stable; 16% vs 15% change in the mean weight diameter of soil
aggregates after sieving). Methods: Organic fertilizer (1,500 kg compost/ha, made from
sheep manure and turf) or mineral fertilizer (250 kg/ha, 4.6% N, 1.2% P, 1.5% K) was
used on 18 plots each (588 m?). Some organic fertilizer was used on all plots (30 t
manure/ha), and one-third of the plots were grazed by sheep (7 kg organic C/ha from
excrement). All plots had cover crops. Soil samples were collected on 18 July 2006 (0-20
cm depth). It was not clear whether these results were a direct effect of the type or
amount of fertilizer.

A replicated, randomized, controlled in 2006-2008 in an irrigated alfalfa field in
Spain (12) found no differences in nutrients between soils with organic or inorganic
fertilizers. Nutrients: Similar amounts of nitrogen (3%), phosphorous (0.3%), and
potassium (3%) were found in plots with organic or inorganic fertilizer. Methods:
Lysimeters (5 mZ and 1.5 m deep) had either organic fertilizer (pig slurry: 170 or 340 kg
N/ha/year) or inorganic fertilizer (phosphorous-potassium: 200 kg/ha/year;
phosphorus pentoxide and potassium oxide: 150 kg/ha/yr). Soil was sampled before
sowing alfalfa (April 2006), at the start of the second growing season (February 2007),
and at the end of the two growing seasons when the slurry was applied (November 2007
and 2008).

A replicated, randomized, controlled study in 2007-2009 in an irrigated onion field
near Madrid, Spain (13), found similar nitrous oxide emissions in plots with organic or
inorganic fertilizer, but more methane was absorbed by plots with organic fertilizer, in
some comparisons. Greenhouse gases: Similar nitrous oxide emissions were found in
plots with organic or inorganic fertilizer (1.1-1.2 vs 1.2 kg/ha). More methane was
absorbed by plots with organic fertilizer, compared inorganic fertilizer, in one of two
comparisons (-0.49 vs -0.02 kg/ha). Implementation options: Plots that were fertilized
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with slurry absorbed methane, but plots that were fertilized with manure emitted
methane (-0.5 to -0.02 vs 0.08 kg/ha). Methods: Plots (20 m?2) had organic fertilizer
(anaerobically digested pig slurry, or hen and goat manure) or inorganic fertilizer (urea)
in 2007 and 2008 (110 kg N/ha; three plots for each). Fertilizers were immediately
incorporated into the soil (10 cm depth), using a rotocultivator. Plots were irrigated 1-2
times/week (608-618 mm/year). Greenhouse-gas samples (closed chambers, 19 litre
volume, 10 mL samples, 0, 30, and 60 minutes after closing) and soil samples (0-10 cm
depth) were collected four times/week in the first two weeks after fertilizer was applied,
twice/week during the first month, and once/week until the end of cropping season.

A replicated, randomized, controlled study in 2006-2008 in a cereal field in the
Castelo Branco region, Portugal (14), found similar amounts of nitrate in soils with
organic fertilizer, compared to inorganic fertilizer, in most comparisons. Nutrients:
Similar amounts of nitrate were found in soils with organic fertilizer, compared to
inorganic fertilizer, in 78 of 80 comparisons (1-50 vs 1-31 mg NOs3-N/litre water). In two
of 16 comparisons, less nitrate was found in plots with cattle slurry, compared to mineral
fertilizer (13 days after application: 11 vs 28 mg NOs3-N/litre water; 33 days after
application: 6 vs 15 mg). Methods: Water in the soil was collected in porous ceramic
suction cup samplers (four/plot, 0.6-0.7 m depth, 50 kPa for 24 hours), whenever
drainage occurred (October-November and April-May: 16 samples in total). There were
three plots (5.6 x 8 m) for each of five organic-fertilizer treatments (single application in
spring, or split application in spring and autumn, of municipal waste compost or sewage
sludge, or split application of cattle slurry) and one mineral-fertilizer treatment. Maize
was grown in spring-summer, and oats were grown in autumn-winter.

A replicated, controlled study in 2006 in an almond orchard in Italy (15) found more
carbon and nitrogen, and higher pH levels, in plots with organic fertilizer, compared to
inorganic fertilizer. Organic matter: More carbon was found in soils with organic
fertilizer, compared to inorganic fertilizer, in seven of 12 comparisons (8,173-9,420 vs
7,307-8,740 mg/kg). Nutrients: More nitrogen was found in soils with organic fertilizer,
compared to inorganic fertilizer, in 10 of 12 comparisons (1,027-1,280 vs 760-1,037
mg/kg). pH: Higher pH levels were found in soils with organic fertilizer, compared to
inorganic fertilizer, in six of 12 comparisons (pH 8.3-8.8 vs 7.5-8.0). Methods: Plots (495
m?) had organic fertilizer (manure pellets: 1.5 t/ha) or inorganic fertilizer (300 kg/ha in
summer; three unspecified doses in spring) (three plots for each fertilizer). Plots were
drip-irrigated (2,000 m3/ha/year). Soil samples were collected in 2006 (five
samples/plot, 0-15 cm depth).

A meta-analysis from 2013 of studies in Mediterranean climates (16) found a higher
percentage of organic carbon in soils with added organic matter, compared to
conventionally fertilized soils. Soil organic matter: A higher percentage of soil organic
carbon was found with than without added organic matter (24% higher). Methods: The
Web of Knowledge database was searched, using the keywords, “Mediterranean”, “soil”,
and “conventional”, and 37 data sets from 26 studies of organic amendment were found
and meta-analysed. The most recent studies included in this meta-analysis were
published in 2011.

A meta-analysis from 2013 of studies in Mediterranean climates (17) found that
nitrous oxide emissions from soils were lower after adding organic fertilizer, compared
to synthetic fertilizer. Greenhouse gases: Nitrous oxide emissions were 23% lower after
adding organic fertilizer, compared to synthetic fertilizer. Implementation options:
Nitrous oxide emissions were lower after adding solid organic fertilizer, but not liquid
organic fertilizer, compared to synthetic fertilizer (solid: 28% lower; liquid: 8% lower).
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Methods: Solid organic fertilizers included cover-crop residues, manure, composed
manure, composted municipal solid waste, and composted thick fractions of digested pig
slurries. Liquid organic fertilizers included raw or digested pig slurries. Synthetic
fertilizers included ammonium nitrate, ammonium sulfate, urea, and NPK. Eight studies
were included in the meta-analysis. These studies were found by searching the Web of
Knowledge database, using the terms “nitrous oxide” or “N20” and “emission” and
“Mediterranean” or the name of a country with a Mediterranean climate, and also by
searching the references in the publications that were found.

A replicated, randomized, controlled study in 2000-2005 in an irrigated barley-
maize field in Spain (18) found more water-stable aggregates in soils with organic
fertilizer, compared to inorganic fertilizer. Soil erosion and aggregation: More water-
stable aggregates were found in soils with organic fertilizer, compared to inorganic
fertilizer (15-17% vs 6%). Methods: Plots (3.8 x 2.5 m) had inorganic fertilizer (barley:
150 kg N/ha/year; maize: 100 kg N/ha/year) or organic fertilizer (slurry: 30, 60, 90, or
120 Mg/ha/year) in 2000-2003 (three plots for each). Phosphorus (120 kg P20s/ha) and
potassium (180 kg KCl/ha) were added to all plots in 2003 and 2004. Barley was sown in
December 2003 and harvested in June 2004. Maize was sown in July 2004 and harvested
in December.

A replicated, randomized, controlled study in 2002-2012 in a rainfed cereal field in
Spain (19) found more organic matter and nutrients, but fewer mites, in soils with organic
fertilizer, compared to inorganic fertilizer. Organic matter: More organic matter was
found in plots with organic fertilizer, compared to inorganic fertilizer, in one of 10
comparisons (1.9% vs 1.6%). Nutrients: More nitrogen (in two of 10 comparisons:
0.14% vs 0.10-0.12%), phosphorus (in 8 of 10 comparisons: 35-78 vs 24-40 mg/kg), and
potassium (in six of ten comparisons: 268-528 vs 188-294 mg/kg) was found in soils
with organic fertilizer, compared to inorganic fertilizer, but similar pH levels were found.
Soil organisms: Fewer oribatid mites were found in plots with organic fertilizer,
compared to inorganic fertilizer, in one of ten comparisons (2,404 vs 5,440
individuals/m?). Methods: Plots (11 x 12.5 m or 7 x 12.5 m) had no fertilizer, slurry (pig:
30 or 55 t/ha/year; sow: 25, 55, or 80 t/ha/year), or mineral fertilizer (60 or 120 kg
N/ha) (12 replicates of each, but three replicates with sow slurry at 25 t/ha/year). Plots
had reduced tillage (disc-harrowing, 15 cm depth) or no tillage (with herbicide). Straw
was removed from all plots. Soil samples were collected in October 2011, February 2012,
and May 2012 from plots without fertilizer and plots with 25 t/ha/year (three cores/plot,
0-5 cm depth). The other plots were sampled in May 2012.

A replicated, randomized, controlled study in 2010-2013 in rainfed barley fields in
Spain (20) (same study as (21)) found higher carbon dioxide emissions in plots with
organic fertilizer, compared to inorganic fertilizer. Organic matter: Similar amounts of
carbon were found in soils with organic and inorganic fertilizers (92-110 vs 87-101
Mg/ha). Greenhouse gases: Similar uptake of methane was found in plots with organic
fertilizer compared to inorganic fertilizer (-3 to -1 vs -4 to -1 kg C/ha). Higher carbon
dioxide emissions were found in plots with organic fertilizer, compared to inorganic
fertilizer, in two of 12 comparisons (4,586 vs 3,575-3,802 kg C/ha). Methods: Plots
(inorganic: 50 x 6 m or 40 x 6 m; organic: 40 x 12 m) had inorganic fertilizer (60, 75, 120,
or 150 kg N/ha) or organic fertilizer (pig slurry: 75 or 150 kg N/ha) (three plots for each).
Plots had conventional tillage (mouldboard plough: 25 cm depth; cultivator: 15 cm depth)
or no tillage. Soil samples were collected at the end of the experiment (two samples/plot;
0-75 cm depth).
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A replicated, randomized, controlled study in 2010-2013 in rainfed barley fields in
Spain (21) (same study as (20)) found less nitrate and lower nitrous oxide emissions, but
more ammonium, in plots with organic fertilizer, compared to inorganic fertilizer.
Nutrients: Less nitrate was found in plots with organic fertilizer, compared to inorganic
fertilizer, in two of four comparisons (59 vs 107-148 kg/ha). More ammonium was found
in plots with organic fertilizer, compared to inorganic fertilizer, in one of four
comparisons (16 vs 9 kg/ha). Greenhouse gases: Lower nitrous oxide emissions were
found in plots with organic fertilizer, compared to inorganic fertilizer, in one of four
comparisons (0.1 vs 0.3 mg/m/day). Methods: Plots (inorganic: 50 x 6 m or 40 x 6 m;
organic: 40 x 12 m) had inorganic fertilizer (60, 75, 120, or 150 kg N/ha) or organic
fertilizer (75 or 150 kg N/ha) (three plots for each). Plots had conventional tillage
(mouldboard plough: 25 cm depth; cultivator: 15 cm depth) or no tillage. Soil samples (0-
5 cm depth) and nitrous oxide samples (closed chambers, 15 mL samples, 0, 30, and 60
minutes after closing), were collected every 2-3 weeks in 2011-2013.

A replicated, randomized, controlled study in 2010-2012 in a rainfed barley field in
Spain (22) found higher carbon dioxide emissions in plots with organic fertilizer,
compared to inorganic fertilizer. Nutrients: Similar amounts of ammonium (3 vs 2
mg/kg) and nitrate (89 vs 85 mg/kg) were found in plots with organic or inorganic
fertilizer. Soil organisms: Similar amounts of microbial biomass (measured as carbon)
were found in plots with organic or inorganic fertilizer (859 vs 978 mg/kg), but more
microbial biomass (measured as nitrogen) was found in plots with organic fertilizer (338
vs 183 mg/kg). Soil erosion and aggregation: More water-stable aggregates were found
in plots with organic fertilizer, compared to inorganic fertilizer, in one of two
comparisons (0.2 vs 0.1 g). Greenhouse gases: Higher carbon dioxide emissions were
found in plots with organic fertilizer, compared to inorganic fertilizer (1,669 vs 1,199
ug/kg macroaggregates/hour). Similar methane fluxes were found in plots with organic
or inorganic fertilizer (-0.1 vs 0.1 pg/kg macroaggregates/hour). Similar nitrous oxide
emissions were found in plots with organic or inorganic fertilizer (1 vs 0.9 pg/kg
macroaggregates/hour). Methods: Plots had organic or inorganic fertilizer (150 kg
N/ha) (three plots each; plot size not clearly reported). Plots had conventional tillage (20
cm depth) or no tillage. Soil samples (0-5 cm depth) and gas samples (15 mL) were
collected in March 2012.

A replicated, randomized, controlled study in 1996-2011 in a vineyard in Navarra,
Spain (23), found more organic matter and nutrients, and higher greenhouse-gas
emissions, in plots with organic fertilizer, compared to inorganic fertilizer. Organic
matter: More organic matter was found in plots with organic fertilizer, compared to
inorganic fertilizer, in one of three comparisons (SMC compost: 1.8% vs 1.1%).
Nutrients: More nitrogen (in two of three comparisons: 0.1% vs 0.06%), phosphorus
(65-81 vs 29 mg/kg), and potassium (potassium oxide, in one of three comparisons: 474
vs 253 mg/kg) were found in soils with organic fertilizer, compared to inorganic
fertilizer. Soil organisms: Similar bacteria communities were found in all plots, for 11 of
12 bacteria genera. However, in plots fertilized with compost, a lower percentage of RNA
sequences came from Nitrosporia or Nitrosolobus species (0.0-0.1%), compared to plots
fertilized with inorganic fertilizer (0.2%). Greenhouse gases: Higher greenhouse-gas
emissions were found in plots with organic fertilizer, compared to inorganic fertilizer
(1,591-1,745 vs 1,053 kg CO2 equivalent/ha, cumulative over 115 days after fertilizer).
Similar nitrous oxide emissions were found in plots with organic or inorganic fertilizer
(1.8-5.1 g N20-N/ha/day, 15 days after fertilizer). Methods: Three types of organic
fertilizer (compost) were compared with one mineral fertilizer (MIN): pelletized organic
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compost (PEL), compost from the organic fraction of municipal solid waste (OF-MSW),
and sheep-manure compost (SMC). Each treatment was assigned to a plot (15 vines), and
there were three blocks (the size of plots within blocks was not clearly reported).
Compost or fertilizer was added in February 1998-2011 (PEL: 3,700 kg fresh
weight/ha/year; OF-MSW: 4,075 kg; SMC: 4,630 kg; MIN: 340 kg NPK/ha/year). For N, P,
K, and pH measurements, soil samples were taken at the end of 2011 (four samples/plot,
0-30 cm depth). For greenhouse-gas measurements, air samples (20 ml, 10 samples/plot,
closed chambers) were taken over 115 days after adding fertilizer. For partial
prokaryotic 16S rRNA sequencing, soil samples (four/plot, 5-30 cm depth) were taken
15 days after adding fertilizer.

A replicated, randomized, controlled study in 2015 in a sorghum field in Italy (24)
found inconsistent differences in bacteria between plots with organic or inorganic
fertilizer. Soil organisms: More bacteria were found in plots with organic fertilizer,
compared to inorganic fertilizer, in three of 32 comparisons (111-2,017 vs 20-1,690
phylotype 16S rRNA sequences), but fewer were found in three of 32 comparisons (60-
1,658 vs 103-1,858 sequences). Implementation options: More bacteria were found in
plots with a double application of organic fertilizer, compared to a single application, in
one of 16 comparisons (1,658 vs 1,469 sequences), but less were found in one of 16
comparisons (34 vs 111 sequences). Methods: Plots (5 x 8 m) had inorganic fertilizer
(130 kg urea/ha) or compost (single application: 130 kg N/ha; double application: 260
kg N/ha) (four plots for each). After three years of compost addition, plants were dug up
(three plants/plot) and soil that was clinging to plant roots was collected for sampling
bacteria (through RNA sequencing).

A replicated, randomized, controlled study in 2003-2004 in an irrigated maize field
in Spain (25) found similar amounts of nitrogen in plots with organic or inorganic
fertilizer. Nutrients: Similar amounts of nitrogen were found in plots with organic or
inorganic fertilizer (21-80 vs 13-37 kg N/ha). Methods: Plots (30 x 40 m) had organic
fertilizer (pig slurry: 30, 60, 90, or 120 Mg/ha) or inorganic fertilizer (0, 180, 240, or 300
kg N/ha) (three plots for each). Slurry was immediately covered after application.
Lysimeters (2.6 x 2 m; 1.5 m depth) were installed in each plot, five years before the study.
Each lysimeter was drip-irrigated, simulating flood irrigation (May to mid-September,
with 7-12 intervals). Soil samples were collected after harvest (0-120 cm depth).

A replicated site comparison in 2009 in rainfed vineyards in southern France (26)
found more organic matter, nitrogen, and microbial biomass, but less phosphorus and
fewer nematodes, in soils with organic fertilizer, compared to inorganic fertilizer.
Organic matter: More organic carbon was found in soils with organic fertilizer,
compared to inorganic fertilizer, in one of three comparisons (11 vs 7 g C/kg soil).
Nutrients: More nitrogen was found in soils with organic fertilizer, compared to
inorganic fertilizer, in one of three comparisons (1.1 vs 0.7 g N/kg soil), but less
phosphorus was found in one of three comparisons (6 vs 8 mg P/kg soil). Similar amounts
of potassium and similar pH levels were found in soils with organic or inorganic fertilizer
(data not reported). Soil organisms: More microbial biomass (measured as carbon) was
found in soils with organic fertilizer, compared to inorganic fertilizer, in one of three
comparisons (49 vs 23 mg C/kg soil), and fewer nematodes were found in one of three
comparisons (616 vs 860 total nematodes/100 g soil). Methods: In 146 plots of three soil
types, inorganic fertilizer only (37-69% of plots in each soil type) or at least some organic
fertilizer (31-63%) was used for at least five years before soil sampling. Soil samples
were collected from the interrows in March-May 2009 (10 homogenized samples/plot,
0-15 cm depth).
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Grow cover crops in arable fields: Soil (29 studies)

Organic matter (12 studies): One meta-analysis of studies from Mediterranean-type climates2
and ten replicated, controlled studies (nine randomized, two before-and-after) from Italy!725,
Spain'!, and the USA%629.10.121427 found more organic matter (mostly measured as carbon) in
soils with winter cover crops, compared to soils without them, in some comparisons®'1.17.25 or all
comparisons®69.10.1214 - QOne replicated, randomized, controlled, before-and-after study from
Italy26 found inconsistent differences in organic matter in soils with or without winter cover crops
(sometimes more, sometimes less).

Nutrients (22 studies)

o Nitrogen (21 studies): Ten replicated, randomized, controlled studies (two before-and-
after) from Italy'7.2226.29 Spain'1, and the USA58.1214.21 found more nitrogen in soils with
winter cover crops, compared to soils without them, in some comparisons. One
replicated, randomized, controlled study from the USA* found less nitrogen in soils with
winter cover crops, compared to soils without them. Ten replicated, controlled studies
(nine randomized, two before-and-after) from ltaly25, Spain's.18, and the USA247.9.10.16
found inconsistent differences in nitrogen (sometimes more, sometimes less) between
soils with or without winter cover crops (but see the paragraphs, below, for distinctions
between different forms of nitrogen).

o Phosphorus (1 study): One replicated, randomized, controlled study from the USA2
found similar amounts of phosphorus in soils with or without winter cover crops.

o Potassium (1 study): One replicated, randomized, controlled, before-and-after study
from the USA0 found an increase in potassium in soils with winter cover crops, and no
increase in soils without them.

Soil organisms (12 studies)

o Microbial biomass (6 studies): Five replicated, randomized, controlled studies from the
USA3:4.9.16.24 found more microbial biomass in soils with cover crops, compared to soils

105



without them, in some comparisons34916 or all comparisons?*. One replicated,
randomized, controlled, before-and-after study from Italy?® found inconsistent
differences in microbial biomass (sometimes more, sometimes less) between soils with
or without winter cover crops.

Nematodes (2 studies): Two replicated, randomized, controlled studies from the USA8.12
found more nematodes in soils with cover crops, compared to soils without them, in
some comparisons. One of these studies® also found a higher ratio of bacteria-feeding
nematodes to fungus-feeding nematodes in soils with cover crops, compared to soils
without them.

Earthworms (2 studies): One replicated, controlled study from the USA8 found more
earthworms in soils with winter cover crops, compared to soils without them. One
replicated site comparison from the USA'3 found similar numbers of earthworms in soils
with or without winter cover crops.

Bacteria and fungi (2 studies): One replicated, randomized, controlled study from Spain'"
found more bacteria and fungi in soils with winter cover crops, compared to soils without
them, in some comparisons. One replicated, controlled study from Italy2® found more
spores and species of beneficial fungi (mycorrhizae) in soils with winter cover crops,
compared to soils without them, in some comparisons.

Soil erosion and aggregation (4 studies)
o Soil erosion (2 studies): Two controlled studies (one replicated and randomized) from

Israel?3 and the USA'® found less erosion of soils with cover crops, compared to soils
with fallows or bare soils.

Soil aggregation (2 studies): Two replicated, randomized, controlled studies from Spain'
and the USAS found more water-stable soil aggregates in plots with winter cover crops,
compared to plots without them, in some comparisons!! or all comparisons®.

Greenhouse gases (5 studies)

o Carbon dioxide (5 studies): Three controlled studies (two replicated and randomized)

from Italy?> and the USA819 found similar amounts of carbon dioxide in soils with or
without cover crops. Two replicated, randomized, controlled studies from the USA?14.16
found more carbon dioxide in soils with cover crops, compared to soils without them, in
some comparisons.

Carbon storage (1 study): One replicated, randomized, controlled study from Italy
found more carbon accumulation in soils with cover crops, compared to soils without
them, in some comparisons.

Nitrous oxide (2 studies): One replicated, randomized, controlled study from the USA4
found more nitrous oxide in soils with cover crops, compared to soils without them, in
some comparisons. One controlled study from the USA™ found similar amounts of
nitrous oxide in soils with cover crops or fallows.

Implementation options (9 studies): Five studies from Italy!7.2229 Spain'8, and the USA12
found more nitrogen in soils that were cover cropped with legumes, compared to non-legumes.
One study from the USA?2! found inconsistent differences in nitrogen (sometimes more,
sometimes less) between soils with different cover crops. One study from the USA2* found no
differences in phosphorus or microbial biomass between soils with different cover crops. One
study from ltaly28 found differences in beneficial fungi (mycorrhizae) between plots with different
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cover crops. One study from Spain'* found higher soil quality in plots with long-term cover crops,
compared to short-term.

A replicated, randomized, controlled study in 1986-1988 in an irrigated lettuce field in
the Salinas Valley, California, USA (1), found less ammonium in plots with winter cover
crops, compared to winter fallows. Nutrients: Less ammonium was found in soils with
cover crops, compared to fallows, in at least one of eight comparisons (after harvesting
the spring crop, in plots that were side-dressed with fertilizer: 4.4 vs 5.2 ppm NH4-N).
Similar amounts of nitrate were found in soils with or without cover crops (in March
1998:11-27 vs 29 ppm NO3-N). Methods: There were six plots (10.7 x 1.1 m raised beds)
for each of two winter cover crops (broad beans or rye) and six control plots (bare fallow,
maintained with herbicide). The cover crops were seeded in November 1986-1987,
irrigated until emergence, and chopped, disked, and chisel ploughed in spring (25-30 cm
depth). Lettuces were planted in May and July 1987 and March and August 1988, and they
were harvested in July and October 1987 and June and October 1988. The lettuces were
irrigated (1-2 cm every 2-3 days until emergence, then 2 cm/week), and some lettuce
plots were fertilized (110-220 kg N/ha in total; up to 110 kg N/ha as side-dressing). Soil
samples were collected in March, June, August, and September 1988 (0-22 cm depth, 6
cm diameter, four samples/plot).

A replicated, randomized, controlled before-and-after study in 1989-1991 in an
irrigated lettuce field in Salinas, California, USA (2), found less nitrate, and nitrate
depletion, in soils with winter cover crops, compared to bare fallows. Nutrients: At the
beginning of spring, less nitrate was found in soils with cover crops, compared to bare
fallows, in some comparisons (all cover crops in 1990: 2-6 vs 18-21 pg NO3-N/g dry soil;
one of two cover crops in 1991: 66-79 vs 85-112). After the first rainfall in spring, more
nitrate was found in soils with winter cover crops, compared to bare fallows (amounts of
nitrate not clearly reported). The inference was that more nitrate was depleted by cover
crops over winter, and more nitrate was leached from bare fallows in spring. In early
spring, more ammonium was found in soils with winter cover crops, compared to bare
fallows (0-15 cm: 2-6 vs 0-1 pg NH4-N/g soil), but similar amounts were found later in
the spring (0-15 cm: 0.5 pg), in 1991. In the lettuce-growing season, similar amounts of
nitrate, ammonium, and mineralizable nitrogen were found in plots with winter cover
crops or bare fallows (0-60 cm: 9-60 pug NO3-N/g dry soil; 0-15 cm: 0.2-0.8 ug NH4-N/g
dry soil; 0-15 cm: 3-6 pg mineralizable N/g dry soil). Methods: In 1989-1990, six winter
cover crops (Raphanus sativus oilseed radish, Brassica hirta white senf mustard, Brassica
alba white mustard, Lolium multiflorum annual ryegrass, Secale cerale Merced rye, and
Phacelia tanacetifolia) were grown on three plots each (two 12 m rows/plot), and bare
fallows were maintained (with herbicide and hand cultivation) on three plots. In 1990-
1991, two winter cover crops (Secale cerale Merced rye and Phacelia tanacetifolia) were
grown on six plots each (two 8 m rows/plot), and bare fallows were maintained on six
plots. Cover crops were tilled into the soil (15-20 cm depth in March 1990, depth not
reported in February 1991). Lettuce was sown in April 1990-1991. All plots were
irrigated and fertilized (56-85 kg N/ha, before sowing lettuce). Soil samples were
collected in November 1989-1990, January 1990-1991, February 1991, and March 1990
(0-60 cm depth, 4 cm diameter, two cores/plot), weekly from late March to the end of
June 1990 (0-15 cm depth), and every 2-7 days from mid-February to the end of March
1991 (0-15 cm depth).

A replicated, randomized, controlled study in 1991-1992 in an irrigated lettuce field
in the Salinas Valley, California, USA (3), found less nitrate, but more ammonium,
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mineralizable nitrogen, and microbial biomass, in soils with winter cover crops,
compared to bare soils. Nutrients: Less nitrate, more ammonium, and more
mineralizable nitrogen were found in soils with winter cover crops, compared to bare
soils, before the cover crops were incorporated into the soil (4.3 vs 8.6 g NO3-N/m?2, 0-60
cm depth; 1.8 vs 1.1 g NH4-N/m?2, net mineralizable nitrogen, 0-30 cm depth; 0.26 vs 0.24
g NH4-N/m2, 0-60 cm depth), and also in some comparisons after the cover crops were
incorporated (1-6 vs 3-24 ug NO3-N/g dry soil, 0-15 cm depth; 3-38 vs 1-21 pg NH4-N/g
dry soil, net mineralizable nitrogen, 0-15 cm depth; 0.17-0.98 vs 0.10-0.68 pg NH4-N/g
dry soil; 1-15 cm depth; number of significantly different comparisons not clearly
reported). Soil organisms: More microbial biomass (measured as nitrogen) was found
in soils with winter cover crops, compared to bare soils, in some comparisons (14-29 vs
6-14 ug N/g dry soil). Methods: Three plots had winter cover crops (Merced rye Secale
cereale, sown on 19 December 1991) and three plots had bare soils over winter. The plots
(raised beds) were 8 x 4 m each. All plots were disked on 8 April (incorporating the cover
crops). Soil samples were collected 6 days before the cover crops were incorporated, and
on 7-9 days between cover-crop incorporation and lettuce harvesting. Lettuce was sown
on 8 May and harvested on 8 July 1992.

A replicated, randomized, controlled study in 1992-1993 in an irrigated broccoli
field in the Salinas Valley, California, USA (4), found more mineralizable nitrogen and
more microbial biomass in soils with winter cover crops, compared to soils without
winter cover crops, but found inconsistent effects on nitrate. Nutrients: More
mineralizable nitrogen was found in soils with cover crops, compared to bare soils, in five
of 14 comparisons (8.5-17 vs 3-9 ug NH4-N/g dry soil, 0-15 cm depth), but there were
similar amounts of ammonium in soils with or without cover crops (0.5-4.2 ug NH4-N/g
dry soil, 0-15 cm depth). Less nitrate was found in soils with cover crops, in three of nine
comparisons at the end of the cover-cropping season (March-April: 0-7 vs 3-10 pg NOs-
N/g dry soil, 0-15 cm depth), but more was found in one of nine comparisons (4 vs 2 pg).
Soil organisms: More microbial biomass (measured as carbon) was found in soils with
cover crops, compared to bare soils, in seven of 14 comparisons (150-500 vs 70-150 pg
C/g dry soil, 0-15 cm depth), and more microbial biomass (measured as nitrogen) was
found in two of 14 comparisons (11-30 vs 5-12 ug N/g dry soil). Methods: There were
three plots for winter cover crops (half Phacelia tanacetifolia phacelia and half Secale
cereale Merced rye, sown in November 1992 and mown in March 1993) and three control
plots with bare soil in winter. All plots (252 x 24 m) were tilled in March 1993 (15 cm
depth), and the cover crops were incorporated into the soil. Two broccoli crops were
grown on raised beds (first crop: April-August 1993; second crop: August-November
1993). All plots were irrigated (440-450 mm/crop, subsurface drip irrigation) and
fertilized (41-42 g N/m?/crop). Soil samples were collected 16 times in November 1992-
August 1993, including nine samples in March-April, when the cover crops were
incorporated (0-75 cm depth, 6 cm diameter, four cores/plot).

Areplicated, randomized, controlled study in 1991-1994 in an irrigated tomato field
in the San Joaquin Valley, California, USA (5), found more organic matter and nitrogen,
and higher soil stability, in soils with winter cover crops, compared to winter fallows.
Organic matter: More organic matter was found in soils with cover crops, compared to
fallows, in some comparisons in the spring (e.g., spring 1994: 1.05-1.15% vs 0.70%, 0-
15 cm depth; number of significantly different comparisons not clearly reported).
Nutrients: More nitrogen was found in soils with cover crops, compared to fallows, in
some comparisons in the spring (e.g., spring 1993: 0.75% vs 0.90% total nitrogen, 0-15
cm depth; number of significantly different comparisons not clearly reported). Soil
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erosion and aggregation: More stable soils were found in plots with cover crops,
compared to fallows (data on percentage of water-stable aggregates reported as model
results). Methods: There were four plots (93 x 7 m plots) for each of three winter cover
crops and one control (winter fallow). The cover crops were Hordeum vulgare barley,
Vicia dasycarpa Lana woollypod vetch, or a barley-vetch mixture, seeded in October
1991-1993 and incorporated into the soil in March 1992-1994 (15-20 cm depth, rotary
tiller). Soil samples were collected in spring and autumn (0-15 cm depth).

A replicated, controlled study in 1996-1998 in an irrigated tomato field in the San
Joaquin Valley, California, USA (6) (same study as (7)), found more soil carbon and
earthworms in plots with winter cover crops (and no tillage), compared to plots with bare
fallows (and tillage in spring). Organic matter: More soil carbon was found in plots with
cover crops, compared to fallows (0.66-0.72% vs 0.62% carbon, 0-0.6 inches depth). Soil
organisms: More earthworms were found in plots with cover crops, compared to fallows
(2.1 vs 0.6 earthworms/square foot). Methods: There were 12 plots (4.5 x 27.5 m plots)
for each of two treatments (two grass-legume mixtures as winter cover crops, sown in
October 1996-1997, killed and retained as mulch, with no tillage, in March 1997-1998)
and there were 12 control plots (bare fallow in winter, with herbicide, and conventional
tillage in spring). Soil carbon was sampled in September 1998 (eight subsamples/plot, 0-
0.6 inches depth). Earthworms were sampled in March 1998 (two cylinders/plot, 16.5
inches diameter, 6 inches depth, sprinkled with mustard powder so that earthworms
would come to the surface). It was not clear whether these results were a direct effect of
cover crops or tillage.

A replicated, controlled study in 1996-1998 in an irrigated tomato field in the San
Joaquin Valley, California, USA (7) (same study as (6)), found less nitrate in winter and
spring, but more nitrate in summer, in plots with winter cover crops (and no tillage in
spring), compared to plots with bare fallows (and tillage in spring). Nutrients: Less
nitrate was found in plots with cover crops, compared to fallows, when measured in
winter or spring (19 of 32 comparisons: 0.9-4.1 vs 3.8-7.9 ppm, 0-30 cm depth), but
more nitrate was found when measured in summer (27 of 32 comparisons: 21-41 vs 8-
14 ppm, 0-30 cm depth). Methods: There were 12 plots (4.5 x 27.5 m plots) for each of
four treatments (two grass-legume mixtures, or two legumes without grasses, as winter
cover crops, sown in October 1996-1997, killed and retained as mulch, with no tillage, in
March 1997-1998) and each of two controls (bare fallows in winter, with or without
herbicide, and conventional tillage in spring). Tomato seedlings were transplanted in
April 1997-1998. The tomatoes were irrigated (two inches/week) and fertilized (0, 100,
or 200 Ib N/acre, in March 1997 and May 1998). Soil nitrate was sampled four times in
1998 (0-30 cm depth, three samples/plot). It was not clear whether these results were a
direct effect of cover crops or tillage.

A replicated, randomized, controlled study in 1995-1998 in an irrigated tomato field
in Davis, California, USA (8), found more nitrogen, more nematodes, and a higher
proportion of bacteria-feeding nematodes, in soils with cover crops, compared to soils
without cover crops. Nutrients: More nitrogen was found in soils with winter cover
crops, compared to plots without cover crops, in two of three comparisons (10-31 vs 7-
16 ug N/g dry soil, cumulative). Soil organisms: A higher proportion of bacteria-feeding
nematodes, compared to fungus-feeding nematodes, were found in soils with cover crops,
compared to soils without cover crops, in four of six comparisons (data reported as the
Channel Index). Similar numbers of nematodes were found in soils with or without winter
cover crops, in 1995-1996 (bacterial or fungal feeders: 3,100-9,800 vs 3,800-8,300
nematodes/litre soil). More nematodes were found in soils with summer cover crops,
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compared to soils without cover crops, in one of two comparisons in 1995-1996
(bacterial feeders: 12,000 vs 3,900 nematodes/litre soil). More nematodes were found in
soils with summer and/or winter cover crops, compared to soils without cover crops, in
four of six comparisons in 1996-1997 (bacterial and fungal feeders, in plots with
irrigation: 2,300-3,600 vs 400-500 nematodes/litre soil), but similar numbers were
found in soils with or without winter cover crops in 1997-1998 (bacterial and fungal
feeders: 1,200-3,800). Similar numbers of other nematodes (omnivores and predators)
were found in soils with or without cover crops (data not reported). Greenhouse gases:
Similar amounts of carbon dioxide were found in soils with or without cover crops (soil
basal respiration in 1995-1996: 10-13 pg CO2/g dry soil/hour). Methods: Cover crops
were planted in different numbers of plots in different years (1995-1996: 16 plots with
winter cover crops, eight plots with summer cover crops, 16 control plots without cover
crops; 1996-1997: 12 winter, four summer, eight controls; 1997-1998: 28 summer
and/or winter, four controls). Plots were 3-4 beds wide and 10 m long. Some summer
cover crops were retained over winter, and some were mown and replaced with winter
cover crops. Summer cover crops were mixtures of oats and legumes, planted in August-
September. Winter cover crops were legumes (Vicia sativa common vetch), planted in
November. In spring, cover crop residues were mown and either removed or evenly
distributed among all plots and incorporated into the soil. Some plots were irrigated
during the cover-cropping seasons. All plots were irrigated during the tomato-growing
season. Herbicide was used on all plots, but no inorganic fertilizer was used. Soil samples
(16 soil cores/plot, 30 cm depth, 2.5 cm diameter) were collected at different times for
nutrients (once per week, 1-7, 11, and 14 weeks after incorporating cover crop residues,
in spring), greenhouse gases (after 1, 4, and 7 weeks), or soil organisms (four times in
summer/autumn, and 1,4, 7, 11, 14, and 18 weeks after incorporating residues), in 1995-
1996. In 1996-1998, soil samples for nutrients and soil organisms were collected less
frequently (1996-1997: four times in spring; 1997-1998: once in autumn, once in spring,
and once when tomatoes were harvested).

A replicated, randomized, controlled study in 1998-2000 in an irrigated vegetable
field in the Salinas Valley, California, USA (9), found more organic matter, more microbial
biomass, less nitrate, and/or less ammonium in soils with winter cover crops, compared
to soils without cover crops, in most comparisons. More ammonium was found in two of
12 comparisons. Organic matter: More carbon was found in soils with cover crops (15
vs 14 g total C/kg soil; 0-15 cm depth). Nutrients: More total nitrogen was found in soils
with cover crops (1.6 vs 1.5 g total N/kg soil; 0-15 cm depth). At depths of 0-90 cm, less
nitrate was found in soils with cover crops (4-54 vs 5-64 g NO3-N/g soil), and less nitrate
was also found at depths of 0-15 cm, in seven of 12 comparisons (2-18 vs 3-64 pg NO3-
N/g soil). At depths of 0-15 cm, less ammonium was found in soils with cover crops, in
six of 12 comparisons (1-4 vs 5-7 pg NH4-N/g soil), but more ammonium was found in
two of 12 comparisons (4-7 vs 1-4). Soil organisms: More microbial biomass (measured
as carbon) was found in soils with cover crops, in 10 of 12 comparisons (120-220 vs 80-
130 pg C/g soil). More microbial biomass (measured as nitrogen) was found in soils with
cover crops, in 11 of 12 comparisons (14-27 vs 5-17 ug N/g soil). Methods: There were
four plots (0.52 ha), for each of four treatments (reduced tillage or conventional tillage,
with or without added organic matter). In plots with added organic matter, compost was
added two times/year, and a cover crop (Secale cereale Merced rye) was grown every
autumn or winter. Lettuce or broccoli crops were grown on raised beds. Sprinklers and
drip irrigation were used in all plots. Soils were disturbed to different depths
(conventional tillage: disking to 50 cm depth, cultivating, sub-soiling, bed re-making, and
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bed-shaping; reduced tillage: cultivating to 20 cm depth, rolling, and bed-shaping). Soils
were collected, along the planting line, with 6 cm soil cores. It was not clear whether these
results were a direct effect of adding compost or growing cover crops.

A replicated, randomized, controlled, before-and-after study in 1999-2004 in an
irrigated tomato-cotton field in the San Joaquin Valley, California, USA (10) (same study
as (27)), found more carbon and potassium in soils after four years with winter cover
crops, but found less carbon and no changes in potassium after four years without cover
crops. Cover crops had inconsistent effects on nitrogen in soils. Organic matter: Carbon
increased in soils with cover crops, after four years (before: 10,000 lb/acre; after:
12,000), and decreased in soils without cover crops, after four years (before: 10,000;
after: 9,000). Nutrients: After four years, nitrogen increased in soils with cover crops
(before: 1,300 Ib/acre; after: 1,400-1,600), but decreased in soils without cover crops, in
one of two comparisons (before: 1,400; after: 1,300), and increased in one of two
comparisons (before: 1,300; after: 1,600). After four years, nitrate did not change in soils
with cover crops (before: 16-19 ppm; after: 10-16), but increased in soils without cover
crops, in one of two comparisons (before: 18; after: 25). After four years, potassium
increased in soils with cover crops (before: 258-271 ppm; after: 314-319), but did not
change in soils without cover crops (before: 271-278; after: 300-303). Methods: Rainfed
winter cover crops (triticale, rye, and vetch) were planted on 16 treatment plots, but not
on 16 control plots, in October 1999-2003. Crop residues were chopped in March. The
plots (9 x 82 m) had six raised beds each. Tomatoes were grown in rotation with cotton.
Fertilizer and herbicide was used in all plots, and tomatoes and cotton were irrigated. Soil
samples were collected in spring (before planting) and in autumn (after harvest), in
2000-2004 (0-30 cm depth; number and volume of samples not reported).

A replicated, randomized, controlled study in 2001-2004 in an irrigated maize field
in southwest Spain (11) found more organic matter, nitrogen, and microorganisms, and
higher soil stability, in soils with winter cover crops, compared to soils without cover
crops. Organic matter: Similar amounts of organic carbon were found in soils with short-
term cover crops, compared to soils without cover crops (0-30 cm depth: 6-13 g C/kg
soil), but more organic carbon was found in soils with long-term cover crops, compared
to soils without cover crops, in eight of nine comparisons (8-32 vs 6-13). Nutrients:
Similar amounts of nitrogen were found in soils with short-term cover crops, compared
to soils without cover crops (0-30 cm depth: 0.07-0.15 g total N/kg soil), but more
nitrogen was found in soils with long-term cover crops, compared to soils without cover
crops, in eight of nine comparisons (0.08-0.25 vs 0.07-0.13). Soil erosion and
aggregation: Higher soil stability was found in plots with short-term cover crops,
compared to plots without cover crops, in two of nine comparisons (0-5 cm depth, in
2002-2003: 57%-79% vs 44-69% of aggregates were water-stable), and higher soil
stability was also found in plots with long-term cover crops, compared to plots without
cover crops, in eight of nine comparisons (57-88% vs 26-69%). Soil organisms: More
microorganisms were found in soils with short-term cover crops, compared to soils
without cover crops, in one of three years (2003: 662 vs 470 colony forming units/g dry
soil), and more microorganisms were also found in soils with long-term cover crops,
compared to soils without cover crops, in two of three years (576-694 vs 350-470).
Implementation options: More organic carbon in eight of nine comparisons (8-32 vs 6-
13 g C/kg soil), more nitrogen in seven of nine comparisons (0.08-0.23 vs 0.07-0.15 g
total N/kg soil), higher stability in six of nine comparisons (58-75% vs 29-48% of
aggregates were stable), and more microorganisms in one of three years (2002: 576 vs
389 colony forming units/g dry soil) were found in soils with long-term cover cropping,
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compared to short-term. Methods: Cover crops (Avena strigosa lopsided oats) were sown
on eight plots in September 2001-2003. Four of these plots had winter cover crops for
six years before this (long-term cover crops), and four plots did not (short-term cover
crops). Four other plots did not have winter cover crops from 2001-2004 or before. All
plots were 20 x 10 m. Cover crops were suppressed with herbicide in April 2002-2004.
For organic carbon, nitrogen, and aggregate stability, soil samples were collected in
March, June, and October 2002-2004 (three samples/plot, 0-30 cm depth). For
microorganisms (bacteria and fungi), soils samples were collected every two months (0-
5 cm depth).

A replicated, randomized, controlled study in 2005-2007 in an irrigated tomato-
maize field in Davis, California, USA (12), found more carbon, ammonium, and nematodes
in soils with winter cover crops, compared to bare fallows. Organic matter: More carbon
was found in soils with cover crops, compared to bare fallows (1.04% vs 0.94% total
carbon). Nutrients: Similar amounts of nitrate and total nitrogen were found in soils with
cover crops or bare fallows (7 vs 5-8 NO3-N ppm; 0.11% vs 0.10% total nitrogen), but
more ammonium was found in soils with cover crops, for one of three mixtures of cover
crops (legumes: 6 vs 5 NH4-N ppm). Soil organisms: More nematodes were found in soils
with cover crops, compared to bare fallows, for two of three mixtures of cover crops
(mixtures with legumes: 588-617 vs 435 nematodes/100 g soil). Implementation
options: Similar amounts of carbon, total nitrogen, and nitrate, and similar numbers of
nematodes, were found in soils with different mixtures of cover crops (0.99-1.04% total
carbon; 0.11% total nitrogen; 5-8 NO3-N ppm; 512-617 nematodes/100 g soil), but more
ammonium was found in soils that were cover cropped with legumes, compared to grains
or a mixture of legumes and grains (6 vs 5 NH4-N ppm). Methods: Three mixtures of
winter cover crops (legumes only, legumes and grains, or grains only) were grown on five
plots each, and five control plots were bare fallows on which weeds were controlled by
burning (111 m? plots; six raised beds/plot). Tomatoes were grown in 2006, and maize
was grown in 2007, without fertilizer. Soil samples were collected in May and September
2006-2007 (four times in the spring of 2007), with soil cores (12 cores/plot, 15 cm depth,
2.5 cm width).

A replicated site comparison in 2004-2005 in nine irrigated tomato fields in the
Sacramento Valley, California, USA (13), found similar numbers of earthworms in fields
with winter cover crops or bare fallows. Soil organisms: Similar numbers of earthworms
were found in fields with cover crops or fallows (26 vs 19 g earthworms/m?2). Methods:
Earthworms were collected from nine tomato fields (five fields with cover crops, four
with bare fallows; three 30 cm3 soil pits/field), in February-April 2005. Organic matter
and nutrients were measured in horizontal soil cores, collected from the walls of the soil
pits (0-15 cm length). All fields were tilled in 2004, after the tomatoes were harvested,
and before the cover crops were planted. The cover crops were legumes. All fields were
fertilized and irrigated.

Areplicated, randomized, controlled study in 2006-2007 in an irrigated tomato field
near Davis, California, USA (14), found more nitrate, higher greenhouse-gas emissions,
and more carbon in soils with winter cover crops, compared to soils without cover crops.
Organic matter: More carbon was found in soils with cover crops (maximum: 1.3% of
soil was carbon), compared to those without cover crops (minimum: 1.1%). Nutrients:
More nitrate was found in soils with cover crops, in five of seven comparisons (March-
September: 20-70 vs 10-60 pg nitrate/g soil). Similar amounts of total nitrogen were
found in soils with or without cover crops (0.1% of soil was nitrogen). Greenhouse
gases: Higher nitrous oxide emissions were found in soils with cover crops, in two of four
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comparisons (80-150 vs 25-45 pg N20/m2/hour), and higher carbon dioxide emissions
were found in one of four comparisons (350 vs 215 mg CO2/m?/hour). Methods: Legume
cover crops (Vicia villosa hairy vetch and Lathyrus hirsutus Australian winter peas) were
grown on eight treatment plots, but not on eight control plots (0.075 ha plots). Cover
crops were mown in late April, and mulched and incorporated into the soil in early May.
All plots were irrigated and fertilized. Greenhouse gases were measured at least every 10
days in the growing season and every 2-3 weeks in the rainy season (three
chambers/plot). Soil samples were collected every three weeks in the growing season,
but less frequently in the rainy season (0-30 cm depth, 2.54 cm diameter soil cores).

A replicated, randomized, controlled study in 2006-2008 in an irrigated maize field
in the Ebro river valley, Spain (15), found less nitrogen in soils with winter cover crops,
compared to bare soils, in spring, but found more nitrogen in autumn. Nutrients: In
spring (after the cover crops), less nitrogen was found in soils with cover crops,
compared to bare soils, in 19 of 20 comparisons (1-11 vs 3-43 mg inorganic N/kg soil,
0-120 cm depth). However, in autumn (after the maize was harvested), more nitrogen
was found in plots with cover crops, compared to bare soils, in two of 20 comparisons
(barley as the cover crop, 0-30 cm depth: 14-15 vs 4-7 mg inorganic N/kg soil).
Methods: There were three plots (5.2 m?2) for each of three winter cover crops (Hordeum
vulgare barley, Brassica rapa winter rape, or Vicia sativa common vetch, sown in October
2006-2007), and three control plots with bare soil in winter. Similar amounts of nitrogen
were added to all plots (300 kg N/ha), but less of it came from mineral fertilizer in plots
with cover crops, to compensate for the organic nitrogen that was added to these plots
when the cover crop residues were tilled into the soil. All plots were tilled in spring
(March 2007-2008) and autumn (October 2006-2007). All plots were irrigated
twice/week (drip irrigation, based on evapotranspiration). Maize was planted in April
and harvested in October 2007-2008. Soil samples were collected before the cover crops
were incorporated and after the maize was harvested (two soil cores/plot, 5 cm diameter,
0-120 cm depth). It was not clear whether these results were a direct effect of cover
cropping or adding fertilizer.

A replicated, randomized, controlled study in 2005-2006 in an irrigated, organic
tomato field in Yolo County, California, USA (16), found less nitrate, more ammonium and
microbial biomass, and higher carbon dioxide emissions in soils with winter cover crops,
compared to winter fallows. Nutrients: Less nitrate was found in soils with cover crops,
compared to fallows, in two of five comparisons (7 days after planting tomatoes: 3.3 vs
5.3 g N/m?; 32 days before: 0.2 vs 0.5). More ammonium was found in soils with cover
crops, compared to fallows, in one of five comparisons (7 days after planting: 2.1vs 1.7 g
N/m?2). Similar amounts of potentially mineralizable nitrogen were found in soils with
cover crops or fallows (4.1-8.8 g N/m?2). Soil organisms: More microbial biomass
(measured as carbon) was found in soils with cover crops, compared to fallows, in one of
four comparisons (7 days after planting: 95 vs 75 g C/m2). Greenhouse gases: More
carbon dioxide was emitted from plots with cover crops, compared to fallows (28 days
after planting: 223 vs 140 mg CO2-C/m?/hour). Methods: The field was levelled and
fertilized (17 Mg compost/ha). Eight plots had winter cover crops (mustard Brassica
nigra, planted on 3 November 2005) and eight plots had winter fallows. Each plot was 16
x 9 m. Cover crops were mown on 26 April 2006, sprinkler irrigated, and tilled into the
soil (10 cm depth) after 19 days, when fallow plots were also tilled. Plots were weeded
and sulfur was used against mites and diseases. Tomatoes were furrow irrigated
(approximately every 11 days: 88 mm/event). Soil samples were collected on a total of
five dates, before and after planting tomatoes (nutrients: 0-60 cm depth; microbial

113



biomass: 0-30 cm depth). Greenhouse gas samples were collected after irrigation events,
28,77, and 100 days after planting (closed chambers, for 30 minutes).

A replicated, randomized, controlled before-and-after study in 1993-2008 in a
rainfed wheat-maize-wheat-sunflower field in central Italy (17) found more organic
matter and nitrogen in soils with winter cover crops, compared to soils without cover
crops. Organic matter: After 15 years, more carbon was found in soils with cover crops,
compared to soils without cover crops, in four of six comparisons (legume cover crops,
organic carbon concentration, 0-30 cm depth, in 2008: 11-14 vs 10-12 g/kg soil), and
carbon increased more over time, in two of three comparisons (legume cover crops: 6-
6.5% vs 1.5% increase in Mg organic C/ha, 0-30 cm depth). Nutrients: After 15 years,
more nitrogen was found in soils with cover crops, compared to soils without cover crops,
in five of six comparisons (total nitrogen concentration, 0-30 cm depth, in 2008: 1.2-1.5
vs 1.1-1.3 g/kg soil), and nitrogen increased over time, rather than decreased, in two of
three comparisons (0.14-0.3% increase vs 0.7% decrease in Mg total N/ha, 0-30 cm
depth). Implementation options: More carbon was found in soils that were cover
cropped with high-nitrogen-supply legumes, compared to non-legumes (organic carbon
concentration, 0-30 cm depth: 11-14 vs 10-13 g/kg soil), and more nitrogen was found
at one of two depths (total nitrogen, 0-10 cm depth: 1.5 vs 1.4 g/kg soil). Methods: There
were 32 plots (21 x 11 m sub-sub-plots) for each of three treatments (non-legumes, low-
nitrogen-supply legumes, or high-nitrogen-supply legumes as winter cover crops) and
one control (no cover crops: crop residues and weeds). Different species of cover crops
were used in different years. Half of the plots were tilled, and half were not tilled (but pre-
emergence herbicide was used). Post-emergence herbicide and fertilizer were used on all
plots. Soil cores were collected in 1993, 1998, and 2008 (0-30 cm depth; two
samples/plot in September).

A replicated, randomized, controlled study in 2006-2009 in an irrigated maize field
in the Tajo river basin, near Madrid, Spain (18), found that winter cover crops had
inconsistent effects on nitrogen. Nutrients: Less nitrogen was found in soils that were
cover cropped with barley, compared to fallows, in one of four comparisons (31 vs 156
kg N/ha). More nitrogen was found in soils that were cover cropped with vetch, compared
to fallows, in one of four comparisons (113 vs 43 kg N/ha). Implementation options:
Less nitrogen was found in soils that were cover cropped with barley, compared to vetch,
in two of four comparisons during the cover-cropping seasons (45-49 vs 113-184 kg
N/ha), and one of three comparisons during the maize-growing seasons (99 vs 253).
Methods: There were four plots (12 x 12 m plots) for each of two treatments (barley or
vetch, as winter cover crops) and there were four control plots (fallow). Cover crops were
sown in October 2006-2009 and maize was sown in April 2007-2009. The maize was
irrigated (sprinklers) and fertilized (210 kg N/ha, splitinto two applications, 120 kg P/ha,
and 120 kg K/ha). Soil water content was measured every hour with capacitance probes
(10-130 cm depth, three probes/plot, after the cover crops and after the harvest), and
nitrate in soil water was measured with ceramic suction cups (buried at 122-124 cm
depth, 1 um pore size).

A controlled study in 2005-2006 in an irrigated tomato field in the Sacramento
Valley, California, USA (19), found less erosion of the part of the field that was cover
cropped, compared to the part that was fallow. Soil erosion and aggregation: Less
sediment was lost in runoff from the cover-cropped part, compared to the fallow part, in
two of four comparisons (concentrations, in winter: 0.1 vs 0.7 g total suspended
solids/litre; loads, in winter: 0.9 vs 5 kg/ha/rainfall event). Greenhouse gases: Similar
amounts of greenhouse gas were emitted from each part of the field (<5 g N20-N/ha/day;
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35-440 mg CO2-C/m?/hour). Methods: A field was divided into two parts: one part with
a winter cover crop (mustard Brassica nigra, planted in autumn 2005, and disked into the
soil in spring 2006), and one part fallow. Greenhouse gases were measured one
day/month (in chambers) in randomly located 16 m? plots (three plots in each part of the
field). Runoff water was collected in autosamplers (250 mL samples, every four hours, if
there was >5 cm of water in the flow meter).

A meta-analysis from 2013 of studies in multiple countries with Mediterranean-type
climates (20) found a higher percentage of organic matter in soils with cover crops,
compared to bare soils. Organic matter: A higher percentage of organic carbon was
found in soils with cover crops, compared to bare soils (10% higher). Methods: The Web
of Knowledge database was searched, using the keywords, “Mediterranean”, “soil”, and
“conventional”, and 13 data sets from 10 studies of cover cropping were found and meta-
analysed. The most recent studies included in this meta-analysis were published in 2011.
It was not clear how many of these studies were from arable fields, orchards, or
vineyards.

A replicated, randomized, controlled study in 2003-2005 on an irrigated vegetable
farm in the Salinas Valley, California, USA (21), found more nitrogen in plots with winter
cover crops, compared to bare fallows. Nutrients: More nitrogen (ammonium and
nitrate) was found in plots with cover crops, compared to bare fallows, in some
comparisons, for some cover crops (data not clearly reported; in 2005, plots that were
cover cropped with legumes and rye consistently had more nitrogen than bare fallows:
5-15 vs 4-5 pg mineral N/g dry soil; in 2004, all cover cropped plots had more nitrogen
in one of five comparisons: 10-17 vs 5). Implementation options: In 2005, less nitrogen
was found in plots that were cover cropped with oats (3-7 pug mineral N/g dry soil),
compared to legumes and rye (5-13 pg) or mustard (6-13 pg, in five of seven
comparisons). In 2004, there were inconsistent differences between cover crops.
Methods: Twenty-four 12 x 20 m plots were planted with winter cover crops in October
2003-2004. Each plot had one of three cover crops: Secale cereale Merced rye, mustard
(Sinapis alba and Brassica juncea), or legumes and rye (Merced rye, Vicia faba, Pisum
sativum, Vicia sativa, and Vicia benghalensis). The number and size of the control plots
(fallows) was not clearly reported. After the cover crops were incorporated into the soil
(March), soil cores were collected every 7-10 days, for six weeks (30 cm depth, 1.9 cm
width, 20 bulked samples/plot).

A replicated, randomized, controlled study in 2009-2012 in two irrigated vegetable
fields in central Italy (22) found more nitrate in soils with winter cover crops, compared
to bare soils. Nutrients: More nitrate was found in soils with cover crops, compared to
bare soils, in two of 12 comparisons (in plots with hairy vetch as the cover crop: 6-12 vs
3-8 mg NO3-N/kg dry soil), but there were similar amounts of ammonium (0-4 mg NHs-
N/kg dry soil). Implementation options: More nitrate was found in soils with hairy
vetch as the cover crop, compared to oats or oilseed rape, in two of four comparisons (6-
12 vs 2-6 mg NO3-N/kg dry soil), but similar amounts of ammonium were found (1-4 mg
NOs3-N/kg dry soil). Methods: There were nine plots (6 x 4 m plots) for each of three
winter cover crops (hairy vetch, oats, or oilseed rape) and nine control plots (bare soil,
maintained with herbicide). Cover crops were sown in September 2009-2010 and
suppressed in May 2010-2011 (chopped and incorporated into the soil with a
mouldboard plough, 30 cm depth). Pepper seedlings were transplanted into these plots
in May 2010-2011 and were last harvested in October 2010 and September 2011. After
the pepper harvest, endive and savoy cabbage seedlings were transplanted into these
plots, and they were harvested in December 2010 and November 2011 (endive) or March
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2011 and February 2012 (cabbage). No fertilizer was added while the crops were
growing, but the plots were irrigated. Nitrogen was measured in soil samples (10
samples/plot, 0-30 cm depth, when the endive and cabbages were harvested).

Areplicated, randomized, controlled study in 2011-2014 in irrigated potato fields in
Israel (23) found less soil erosion in plots with cover crops, compared to bare soil. Soil
erosion and aggregation: Less erosion was found in plots with cover crops, compared
to bare soil (2012-2013: 0.1-0.3 vs 3.5-4.5 mm soil loss). Methods: Different plots were
used in different years (2011-2012: 350 m? plots, 20 plots with cover crops, eight plots
without cover crops; 2012-2013: 695 m2 plots, 10 with, 10 without; 2013-2014: 1,800
m? plots, four with, four without). Different mixtures of cover crops were used in different
years, but oats were used in all years, and triticale was used in Years 1 and 2 (2011-
2013). Plots without cover crops were weeded (tilled bare; some plots in all years) or
weedy (not tilled; some plots in Year 1). Herbicide and fertilizer were used on all plots.
Soil loss was measured in buckets, after each rainfall event (one 10 litre bucket/plot).
Plots had a 5-7% slope.

Areplicated, randomized, controlled study in 1993-2011 in arable farmland in Davis
and the Salinas Valley, California, USA (24), found more soil organisms, but no difference
in nutrients, in soils with winter cover crops, compared to soils without cover crops.
Nutrients: No difference was found in phosphorus, or the change in phosphorus over
time, in soils with or without cover crops (2011: 519 vs 517 mg total phosphorus/kg soil;
1994-2011: 23 vs 21 mg less total phosphorus/kg soil; experiment in Davis). Soil
organisms: More microbial biomass (measured as phosphorus) was found in soils with
cover crops, compared to soils without cover crops (1.4 vs 1 mg phosphorus/kg soil;
experiment in Davis). Implementation options: No differences in phosphorus or
microbial biomass (measured as phosphorus) were found between soils with different
species of cover crops (513-535 mg total phosphorus/kg soil; 3.1-3.7 mg microbial
phosphorus/kg soil), or in soils with cover crops grown every year, compared to every
four years (513 vs 497 total; 3.8 vs 2.0 microbial; experiment in the Salinas Valley).
Methods: In one experiment (in Davis), nitrogen-fixing cover crops (peas, vetch, and/or
fava beans) were grown in six treatment plots, but not in six control plots. Wheat was
grown in rotation with cover crops (once every two years) or in rotation with fallows. In
another experiment (in the Salinas Valley), there were four plots (240 m2) for each of four
treatments (legume-rye, mustard, or rye cover crops grown every year, or legume-rye
cover crops grown every four years). Lettuce and broccoli were grown in rotation (two
crops/year). Soil samples were collected in soil cores (20 cores/plot; 0-30 cm depth) in
2011. Soil cores were also collected in 1993 (number of samples not reported).

A replicated, randomized, controlled study in 2011-2013 in two irrigated tomato
fields in central Italy (25) found more organic matter and greater carbon accumulation
in plots with winter cover crops, compared to plots without cover crops, but cover crops
had inconsistent effects on nitrogen. Organic matter: When the tomatoes were
harvested, more organic carbon was found in soils with winter cover crops, in 17 of 24
comparisons (1.1-1.8% vs 1-1.6% of soil was organic carbon). Nutrients: When the
tomatoes were harvested, more organic nitrogen was found in soils with winter cover
crops, in 14 of 24 comparisons (0.12-0.2% vs 0.11-0.15% of soil was organic nitrogen),
but less was found in five of 24 comparisons (0.12-0.13% vs 0.14-0.15%). Greenhouse
gases: Similar amounts of carbon dioxide were emitted from soils with or without cover
crops (3.2-4.2 Mg C/ha), but more carbon accumulated in soils with cover crops, in four
of six comparisons (1.1-2.1 vs 0.4-0.7 ratio of C input to output). Implementation
options: More carbon accumulated in soils that were cover cropped and mulched with
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hairy vetch, compared to other species, in three of four comparisons (1.9-2.1 vs 1.1-1.4
ratio of C input to output). Methods: Three species of winter cover crops (Vicia villosa
hairy vetch, Phacelia tanacetifolia lacy phacelia, or Sinapis alba white mustard) were
sown on three plots each, in September, and winter weeds were controlled with herbicide
on three control plots (18 x 6 m plots). The cover crops were mown and mulched (strips,
80 cm width) in May, and the control plots were tilled (depth not reported). Tomato
seedlings were transplanted in May (transplanted into the mulch in treatment plots) and
harvested in August. All plots were tilled (30 cm depth) and fertilized (100 kg P20s/ha,
harrowed to 10 cm depth) in September. Some plots were also fertilized (100 kg N/ha)
in June-July. Soil samples were collected after the tomatoes were harvested (0-20 cm
depth). Carbon dioxide emissions (closed chambers, 1,334 cm3 volume, 30-180
seconds/sample) were measured weekly, or within 48 hours of rainfall, in the tomato-
growing season. It was not clear whether these results were a direct effect of cover
cropping, mulching, herbicide, or tillage.

A replicated, randomized, controlled before-and-after study in 2012-2013 in two
irrigated tomato fields in central Italy (26) found more organic matter, nitrogen, and soil
organisms in soils with cover crops (and no tillage), compared to soils without cover
crops (with tillage), in spring. By the end of summer, less organic matter, but more
nitrogen, had accumulated in soils with cover crops, and there were inconsistent effects
on soil organisms. Organic matter: In May, more organic carbon was found in soils that
had been cover cropped and mulched, compared to soils that had not, in two of six
comparisons (lacy phacelia or white mustard, in 2013: 16 vs 12 mg C/g soil). By August,
less organic carbon had accumulated in soils with mulch, compared to soils without
mulch, in two of six comparisons (lacy phacelia or white mustard, in 2013: -1% to 4% vs
28% increase in organic carbon). Nutrients: In May, more nitrogen was found in soils
that had been cover cropped and mulched, compared to soils that had not, in one of two
years (all cover crops, in 2013: 1.3-1.5 vs 1.1 mg N/g soil). By August, more nitrogen had
accumulated in soils with mulch, compared to soils without mulch, in one of six
comparisons (white mustard, in 2013: 44% vs 2% increase in nitrogen). Soil organisms:
In May, more microbial biomass (measured as carbon) was found in soils that had been
cover cropped and mulched, compared to soils that had not (140-330 vs 100-150 ug C/g
soil), and more microbial biomass was also found in two of three comparisons in August
2012 (175 vs 135 pg C/g soil), but less was found in two of three comparisons in August
2013 (175-210vs 270 pg; 2012 was hotter and drier than 2013). Methods: Three species
of winter cover crops (Vicia villosa hairy vetch, Phacelia tanacetifolia lacy phacelia, or
Sinapis alba white mustard) were sown on three plots each, but not on three control plots
(plot size not reported), in September. The cover crops were mulched in May, and the
control plots were tilled (depth not reported). Tomato seedlings were transplanted in
May (transplanted into the mulch) and harvested in August. All plots were tilled in
September. Soil samples were collected at the beginning (May) and end (August) of the
tomato-growing season (0-20 cm depth). It was not clear whether these results were a
direct effect of cover cropping, mulching, or tillage.

A replicated, randomized, controlled study in 1999-2009 in an irrigated tomato-
cotton field in the San Joaquin Valley, California, USA (27) (same study as (10)), found
more organic matter in soils with winter cover crops, compared to soils without cover
crops. Organic matter: More carbon was found in soils with cover crops (26-29 vs 23-
24 t total C/ha). Methods: Rainfed winter cover crops (triticale, rye, and vetch) were
planted on 16 treatment plots, but not on 16 control plots, in October 1999-2008. Crop
residues were chopped in March. The plots (9 x 82 m) had six raised beds each. Tomatoes
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were grown in rotation with cotton. Fertilizer and herbicide were used in all plots, and
tomatoes and cotton were irrigated. Soil samples were collected in autumn 2007 (0-30
cm depth, 7.6 diameter soil cores, 6-8 subsamples/plot).

A replicated, controlled study in 2011-2012 in an irrigated tomato field near Pisa,
Italy (28), found that similar numbers of tomato roots were colonized by mycorrhizae
(beneficial fungi), but found more mycorrhizae spores, and more mycorrhizae species, in
soils with planted cover crops, compared to resident (unplanted) vegetation. Soil
organisms: Similar numbers of tomato roots were colonized by symbiotic fungi in plots
with cover crops, compared to resident vegetation (28-42% vs 30-37% of roots were
colonized). More mycorrhizae spores were found in soils with cover crops, in three of six
comparisons (10.3-18.5 vs 7-8.5 spores/g soil). More mycorrhizae species were found
in soils with cover crops, in two of six comparisons (when tomatoes were harvested, in
plots that were cover cropped with Brassica juncea or a mixture of species: 29-30 vs 24
species). Implementation options: More tomato roots were colonized by mycorrhizae
in plots that were cover cropped with Vicia villosa (42% of roots were colonized) or a
mixture of species (35% of roots were colonized), compared to B. juncea (28%), in one of
two comparisons (when tomatoes were flowering). More mycorrhizae spores were found
in plots that were cover cropped with V. villosa (14.2-18.5 spores/g soil), compared to
the other two cover crops (species mixture: 10.3-10.8; B. juncea: 7.8-9.1), and more
spores were also found in plots with the species mixture, compared to B. juncea, in one of
two comparisons (when tomatoes were flowering: 10.3 vs 7.8). More mycorrhizae
species were found in plots that were cover cropped with B. juncea or the species mixture,
compared to V. villosa (29-30 vs 25 species). Methods: There were three plots (plot size
not reported) for each of three winter cover crops (B. juncea, V. villosa, or a mixture of
seven species) and three control plots (without cover crops, but with resident
vegetation). Cover crops were sown on 19 October 2011, and then mown and
incorporated into the soil in spring 2012. Tomato seedlings were transplanted into the
plots (into raised beds) on 30 May 2012. Tomatoes were drip irrigated. Soil samples were
collected when the tomatoes were flowering (10 April 2012) and when they were
harvested (20 September 2012) (four soil cores/plot, 0-20 cm depth). Half of the
seedlings were inoculated with two species of mycorrhizae.

A replicated, randomized, controlled study in 2009-2011 in an irrigated eggplant
field in central Italy (29) found more nitrogen in soils with winter cover crops, compared
to bare soil. Nutrients: More nitrogen was found in soils with cover crops, compared to
bare soil, for one of three cover crops (hairy vetch: 34 vs 23 mg inorganic N/kg dry soil).
Implementation options: More nitrogen was found in soils with hairy vetch as the
winter cover crop, compared to oats or oilseed rape (34 vs 20 mg inorganic N/kg dry
soil), and no differences in nitrogen were found between soils with oats or oilseed rape
as the winter cover crop. Methods: Three species of winter cover crops (Vicia villosa
hairy vetch, Brassica napus oilseed rape, or Avena sativa oats) were sown on three plots
each (6 x 12 m plots) in September 2009-2010, and no cover crops were sown on three
plots (weeded, bare soil). The cover crops were mown and used as mulch (50 cm wide)
in eggplant rows, in May 2010-2011. Eggplant seedlings were transplanted into the plots
in May, and fruits were harvested four times/year in July-September 2010-2011. Soil
samples were collected when the seedlings were transplanted and when the last fruits
were harvested each year (0-30 cm depth, six samples/plot). All plots were fertilized
before the cover crops were grown, but not after. All plots were irrigated.
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Plant or maintain ground cover in orchards or vineyards: Soil
(22 studies)

Organic matter (12 studies): Ten studies (eight replicated, randomized, and controlled, and two
site comparisons) from Chile'?, France?, Spain'510-13 and the USA®7 found more organic matter
in soils with ground cover, compared to soils without ground cover, in some comparisons®.1221 or
all comparisons'67.10.11.13.17 Two meta-analyses of studies from Mediterranean climates'622 also
found more organic matter in plots with ground cover.

o Implementation options (4 studies): One study from France2! found more organic
matter in soils with permanent ground cover, compared to temporary ground cover, in
one of three comparisons. Two studies from the USA%14 found similar amounts of
organic matter in soils with resident vegetation or seeded cover crops. One study from
Spain® found more organic matter where cover crops were incorporated into the soil.

Nutrients (12 studies)

o Nitrogen (9 studies): Five studies (four replicated, randomized, and controlled, and one
site comparison) from Chile'” and Spain5.10.1213 found more nitrogen in soils with ground
cover, compared to soils without ground cover, in some comparisons®'2 or all
comparisons'0.13.17_ One replicated, randomized, controlled study from the USAS found
less nitrogen in soils with ground cover, in some comparisons. Two replicated,
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randomized, controlled studies from Spain?0 and the USA8 found inconsistent
differences in nitrogen between soils with or without ground cover. One replicated site
comparison from France?! found similar amounts of nitrogen in soils with or without
ground cover.

= |mplementation options (5 studies): Two studies from Spain20 and the USA3
found more nitrogen in soils that were cover cropped with legumes, compared
to non-legumes, in some comparisons2 or all comparisons?. Two studies from
vineyards in the USA*'9 found similar amounts of nitrogen in soils with resident
vegetation or seeded cover crops. One of these studies?® also found similar
amounts of nitrogen in soils with different types of seeded cover crops, and in
soils with or without tillage (both with ground cover). One study from Spain®
found more nitrogen where cover crops were incorporated into the soil.

o Phosphorus (4 studies): One replicated site comparison from France?! found more
phosphorus in soils with ground cover, compared to bare soils, in one of six
comparisons. Two studies (one replicated, randomized, and controlled, and one site
comparison) from Spain'® and the USAS found less phosphorus in soils with seeded
cover crops, compared to tilled soils, in some comparisons. One replicated, randomized,
controlled study from Chile” found similar amounts of phosphorus in soils with seeded
cover crops and bare soils.

= Implementation options (3 studies): One study from France?' found more
phosphorus in soils with permanent ground cover, compared to temporary
ground cover, in one of three comparisons. One study from the USA* found
similar amounts of phosphorus in soils with resident vegetation or seeded cover
crops. One study from Spain*® found different amounts of phosphorus in soils
with different types of seeded cover crops.

o Potassium (3 studies): One replicated, randomized, controlled study from Chile!” found
more potassium in soils with seeded cover crops, compared to bare soils. Two site
comparisons (one replicated) from France?! and Spain' found similar amounts of
potassium in soils with ground cover, compared to tilled or bare soil.

= Implementation options (1 study): One study from the USA* found similar
amounts of potassium in soils with resident vegetation or seeded cover crops.

o pH (4 studies): Two studies (one replicated, randomized, and controlled, and one site
comparison) from Spain'3 and the USAS found lower pH levels in soils with ground cover,
compared to soils without ground cover. One replicated, randomized, controlled study
from Chile'” found higher pH levels in soils with ground cover. One replicated site
comparison from France?! found similar pH levels in soils with or without ground cover.

e Soil organisms (6 studies)

o Microbial biomass (4 studies): Four replicated studies (three randomized and controlled,
one site comparison) from France?! and the USA88 found more microbial biomass in
soils with ground cover, compared to bare or tilled soils, in some comparisons8821 or all
comparisons’.

= Implementation options (1 study): One study from France?' found more
microbial biomass in soils with permanent ground cover, compared to temporary
ground cover, in some comparisons.

o Fungi (2 studies): One replicated, controlled study from the USA? found more symbiotic
fungi (mycorrhizae) in soils with seeded cover crops, compared to tilled soils, in some
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comparisons, but found similar numbers of roots that were colonized by mycorrhizae.
One replicated, randomized, controlled study from the USA® found inconsistent
differences in mycorrhizae in soils with seeded cover crops or tilled soils.

o Bacteria (1 study): One replicated, randomized, controlled study from Spain'! found
more bacteria, but similar levels of bacterial diversity, in soils with ground cover,
compared to bare soils.

o Nematodes (1 study): One replicated site comparison from France?! found more
nematodes in soils with ground cover, compared to bare soils.

= Implementation options (1 study): One study from France?' found more
nematodes in soils with permanent ground cover, compared to temporary
ground cover, in one of three comparisons.

e Soil erosion and aggregation (10 studies)

o Soil erosion (7 studies): Six replicated, randomized, controlled studies from Chile?7,
ltaly’®, Spain'1018 and the USA8 found less erosion of soils with ground cover,
compared to bare or tilled soils, in some comparisons'6.10.18 or all comparisons'>.17. One
replicated, controlled study from France® found similar amounts of erosion in plots with
or without ground cover.

= Implementation options (1 study): One study from ltaly's found the least
erosion with permanent cover crops, and the most erosion with temporary cover
crops.

o Soil aggregation (5 studies): Four replicated, randomized, controlled studies from Chile'
and Spain'.10.12 found that soil aggregates were more water-stable in plots with seeded
cover crops, compared to tilled or bare soils, in some comparisons®10.12 or all
comparisons'’. One site comparison from Spain'3 found inconsistent differences in
water stability between soils with seeded cover crops and bare soils.

e Greenhouse gases (3 studies): Two replicated, randomized, controlled studies from a vineyard
in the USA78 found more carbon dioxide’ or nitrous oxide8 in soils with cover crops, compared
to tilled soils. One replicated, randomized, controlled study from an olive orchard in Spain© found
similar amounts of carbon dioxide in soils with cover crops, compared to tilled soils.

o Implementation options (1 study): One study from the USA' found similar amounts
of carbon dioxide in soils with different types of ground cover.

A replicated, randomized, controlled study in 2000-2003 in a rainfed olive orchard near
Cordoba, Spain (1) (partly the same study as (10)), found more organic matter, less
erosion, and higher soil stability in plots with cover crops, compared to conventional
tillage or bare fallows. Organic matter: More organic matter was found in soils with
cover crops (1.5%), compared to conventional tillage (1.2%) or bare fallows (0.9%). Soil
erosion and aggregation: Less soil was lost in runoff from plots with cover crops,
compared to bare fallows (1.2 vs 8.5 t/ha/year), but similar amounts were lost from plots
with cover crops or conventional tillage (1.2 vs 4.0). Higher stability was found in soils
with cover crops, compared to bare fallows (83% vs 60% of aggregates were water-
stable), but similar stability was found in soils with cover crops or conventional tillage
(82% vs 72%). Methods: There were three plots (6 x 12 m plots, with two olive trees
each, on a 13% slope) for each of three treatments: cover crops (2 x 12 m barley strips,
sown in October), conventional tillage (15 cm depth, 3-4 passes from September), or bare
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fallows (with herbicide, weed-free). Plots with cover crops were tilled before the barley
was sown (10 cm depth). Runoff was collected with tipping-bucket gauges, and sediment
was collected in barrels, from autumn 2000. Soil samples were collected in summer 2003
(0-5 cm depth).

A replicated, controlled study in 2001-2003 in an irrigated vineyard in the Salinas
Valley, California, USA (2) (same study as (6)), found more fungal spores in soils between
vine rows with cover crops, compared to those without cover crops. Soil organisms:
More fungal spores (mycorrhizae) were found in soils with cover crops, in at least one of
three seasons (spring: 110-130 vs 70 spores/g soil). Similar numbers of vine roots were
colonized by mycorrhizae in vine rows with or without cover crops (data not reported).
Methods: There were nine plots (0.045 ha) for each of two cover crops (Secale cereale
Merced rye or Triticosecale triticale, in the central 80 cm of the 240 cm between vine
rows, which were disked every year in November, before they were planted, and were
mown every year in spring), and there were nine control plots (bare soil between the vine
rows, which were disked every month). Soil and vine roots (8 cm root and 10 g soil from
20 vines/plot, 0-30 cm depth) were collected in summer (July 2002), winter (February
2003), and spring (April 2003). Cover-crop roots were collected in winter and spring.
Spores and fungal colonies were measured in soil and roots.

A study in 1998-2002 in an irrigated vineyard in the Sacramento Valley, California,
USA (3), found more nitrogen in soil that was cover cropped with legumes, compared to
grasses. Implementation options: More nitrogen was found in soil that was cover
cropped with legumes, compared to grasses (0.26% vs 0.22% total nitrogen). Methods:
Aleguminous cover crop (Trifolium fragiferum perennial strawberry clover) was planted
in the southern half of the vineyard, and three native Californian, perennial, summer-
dormant grasses (Elymus glaucus blue wildrye, Hordeum brachyantherum meadow
barley, and Bromus carinatus California brome) were planted in the northern half. These
cover crops were planted between every other vine row. They were mown 4-5
times/year and their residues were retained. The vineyard was fertigated with drip lines.
Soil samples were collected in five sub-plots, in one 10 x 15 m plot, in each cover crop (0-
10 cm depth, 3 cm diameter, nine times in July 2001-October 2002).

A replicated, randomized, controlled study in 2002-2005 in an irrigated vineyard in
the Napa Valley, California, USA (4), found similar amounts of organic matter and
nutrients in soils with seeded cover crops or resident vegetation. Implementation
options: Similar amounts of organic carbon were found in soils with seeded cover crops
or resident vegetation (21-24 mg organic matter/g dry soil). Similar amounts of nitrogen
(1.6-1.8 mg total N/g dry soil), phosphorus (17-22 pug Olsen P/g dry soil), and potassium
(7.3-7.7 pmol exchangeable K/g dry soil) were found in soils with seeded cover crops or
resident vegetation. Methods: No tillage or conventional tillage was used on eight plots
each, between the vine rows (three vine rows/plot). A disk plough was used for
conventional tillage (15 cm depth, once/year in April-June). Four plots with conventional
tillage had annual cover crops (seeded in October 2002-2004) and four plots had no
seeded cover crops. Four plots with no tillage had annual cover crops (seeded in October
2002-2004), and four had perennial cover crops (seeded in October 2002). All plots were
drip irrigated in July-October (85 kl/ha/week). Soil samples were collected under grape
vines and between the rows (0-15 cm depth, 4.6 cm diameter, four samples/plot in each
location).

A replicated, randomized, controlled study in 1976-2004 a rainfed olive orchard in
southeast Spain (5) (same study as (11)) found more organic matter and nitrogen in soils
with cover crops, compared to soils without cover crops. Organic matter: More organic
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carbon was found in soils with cover crops, in two of four comparisons (23 vs 39-42 Mg
C/ha, 0-30 cm depth). Nutrients: More nitrogen was found in soils with cover crops, in
two of four comparisons (2.9 vs 4.4-6.5 Mg total N/ha, 0-30 cm depth). Implementation
options: More organic carbon and nitrogen were found in plots with cover crops that
were incorporated into the soil in spring, compared to cover crops that were suppressed
with herbicides or mown in spring and retained on the surface (39-42 vs 26-30 Mg C/ha,
4.4-6.5 vs 3.4-3.9 Mg total N/ha). Methods: Herbicide was used on seven plots in
autumn, but not on 28 other plots, which had resident vegetation over winter. The
resident vegetation was controlled in spring with herbicide (seven plots), tillage (seven
plots, 0-25 cm depth), mowing (seven plots), or mowing and tillage (seven plots, 0-25
cm depth). Plots had 16 olive trees each. Foliar fertilizer was used. Two soil samples were
collected in each plot (0-30 cm depth, in February 2004, before spring tillage).

A replicated, randomized, controlled study in 2000-2005 in an irrigated vineyard in
the Salinas Valley, California, USA (6) (same study as (2)), found more organic matter and
microbial biomass, less nitrate, phosphorus, and soil erosion, and lower pH levels in soils
with cover crops, compared to bare soils, between vine rows. Organic matter: More
organic matter was found in soils with cover crops, compared to bare soils (1.15-1.55%
vs 0.95-1.10%). Nutrients: Less nitrate and phosphorus was found in soils with cover
crops, compared to bare soils, in five of six comparisons (3-11 vs 17-28 ppm nitrate-N;
20-22 vs 24-25 ppm Olsen-P). Lower pH was found in soils with cover crops, compared
to bare soils (data not reported). Soil organisms: More microbial biomass (measured as
carbon) was found in soils with cover crops, compared to bare soils, in one of two
comparisons (plots that were cover cropped with rye: 105 vs 83 pg C, in vine rows; 190
vs 100 pg C, between vine rows; 0-12 inches depth). More beneficial fungus colonies
(mycorrhizae) were found on vine roots in plots with cover crops, compared to bare soils,
in two of six comparisons (with rye as the cover crop, and with pre-emergence herbicide
or cultivation under the vines: 26-27% vs 21-21% of root length was colonized), but
fewer colonies were found in one of six comparisons (with rye, and with post-emergence
herbicide under the vines: 17% vs 26%). Soil erosion and aggregation: In winter, less
sediment was lost in runoff from plots with cover crops, compared to bare soils, in one of
two comparisons (with triticale as the cover crop: 508 vs 1,735 mg/litre). Methods:
There were nine plots for each of two treatments and one control. The treatments were
triticale (X Triticosecale) or Secale cereale Merced rye, planted in November 2000-2004
as cover crops (32 inches width) between the vine rows (8 feet width), mown in spring,
and disked into the soil in the following November. Bare soils were maintained in the
controls through disking in spring and summer (depth not reported). Each plot had 100
vines and the adjacent areas between the vine rows. All plots were drip-irrigated in April-
October. Soil samples were collected when the vines were flowering (May 2003-2005, 10
samples/plot, 0-12 inches depth, between the vine rows). Vine roots were collected in
April 2003, May 2004, and June 2005 (for mycorrhiza measurements). Runoff was
measured with sumps (16 inches diameter, 5 feet depth) at the lower end of each plot. It
was not clear whether these results were a direct effect of cover crops or tillage.

A replicated, randomized, controlled study in 2001-2006 in an irrigated vineyard in
the Central Coast, California, USA (7) (same study as (8)), found more organic matter, soil
organisms, and greenhouse-gas emissions in soils with cover crops, compared to tilled
soils, between the vine rows. Organic matter: More carbon was found in soils with cover
crops, compared to tilled soils (9.5-11 vs 7.2 mg total C/kg soil, 0-15 cm depth). Soil
organisms: More microbial biomass (measured as carbon) was found in soils with cover
crops, compared to tilled soils (150-330 vs 50-190 pg C/g soil, 0-15 cm depth).
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Greenhouse gases: Higher carbon dioxide emissions were found in soils with cover
crops, compared to tilled soils (268-291 vs 153 g CO2-C/m?/year). Methods: There were
six plots for each of two cover crops (Secale cereale rye or Triticale x Triosecale Trios,
sown between the vine rows in autumn, mown in spring), and there were six control plots
(tilled between the vine rows every two months; depth not reported). All plots were tilled
in autumn. The plots were each 84 x 1.8 m, between two vine rows. Soil samples were
collected every 2-3 weeks in November 2005-2006 (two samples/plot, 0-15 cm depth).

Areplicated, randomized, controlled study in 2001-2006 in a vineyard in the Central
Coast, California, USA (8) (same study as (7)), found more soil organisms and higher
greenhouse-gas emissions in plots with cover crops between the vine rows, compared to
tilled soils without cover crops, but found inconsistent effects on nitrogen. Nutrients:
Less nitrate was found in soils with cover crops, compared to tilled soils, between vine
rows, in 12 of 19 comparisons (0-1 vs 1.4-5.7 ug NO3-N/g dry soil). In contrast, more
ammonium was found in soils with cover crops, in six of 19 comparisons (during the
spring rains: 1.3-3 vs 0.7-1.7 ug NH4-N/g dry soil), and more available nitrogen was
found in 18 of 19 comparisons (potentially mineralizable nitrogen: 21-55 vs 2-15 pg
NH4-N/g dry soil). Soil organisms: More microbial biomass (measured as nitrogen) was
found in soils with cover crops, compared to tilled soils, in 15 of 38 comparisons (during
the spring and autumn rains: 21-61 vs 4-39 pg N/g dry soil). Greenhouse gases: Higher
nitrous oxide emissions were found in soils with cover crops, compared to tilled soils
(1.9-2.3 vs 1.6 g N20-N/ha/day). Methods: There were six plots (84.3 x 2.4 m interrows
between vines) for each of two cover crops, and there were six control plots (cultivated
every two months to control weeds). The cover crops (1.8 m width) were Triticale x
Triticosecale Trios or Secale cereale rye, seeded in November 2001-2005 (interrows
disked before seeding), and mown in April 2002-2006. Soil samples were collected every
2-3 weeks in December 2005-November 2006 (19 samples/plot, two cores/sample, 0-
15 cm depth). Nitrous oxide was measured in 5.2 litre chambers (13 mL samples, every
30 minutes from solar noon, for 1.5 hours). It was not clear whether these results were a
direct effect of cover crops or tillage.

A replicated, controlled study in 1999 in a vineyard in southern France (9) found
similar amounts of erosion in plots with grass or bare soil between the vine rows. Soil
erosion and aggregation: Similar amounts of soil were lost in runoff water from plots
with grass or bare soil between the vine rows (26-112 vs 45-207 g soil/mZ2). Methods:
One interrow was cultivated (10 cm depth) and planted with grasses, and one interrow
was managed conventionally (with herbicide), for four months each. Rainfall was
simulated in three plots, in each interrow, in June 1999 (1 x 1 m plots, 60 mm water/hour,
for 60 minutes). Soil loss was measured in each plot (200 observation points/m?2).

A replicated, randomized, controlled study in 2000-2006 in a rainfed olive orchard
near Cordoba, Spain (10) (partly the same study as (1)), found more organic matter and
nitrogen, less erosion, and higher soil stability in plots with cover crops, compared to soils
with no tillage or conventional tillage. Organic matter: More organic matter was found
in soils with cover crops, compared to bare fallows (1.2-2% vs 0.8-1%). Nutrients: More
nitrogen was found in soils with cover crops, compared to bare fallows (0.08-0.11% vs
0.06-0.08% organic nitrogen). Soil erosion and aggregation: Less soil was lost in runoff
from plots with cover crops, compared to bare fallows, in five of seven years (0-5 vs 1-
19 t/ha/year), or compared to plots with conventional tillage, in two of seven years (0.1-
5 vs 0.4-14). Higher stability was found in soils with cover crops, compared to bare
fallows, in one of two comparisons (macroaggregates: 452-524 vs 258-333 g water-
stable macroaggregates/g soil). Greenhouse gases: Similar amounts of carbon dioxide
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were found in soils with cover crops, bare fallows, or conventional tillage (soil
respiration: 0.5-1.1 kg CO%/kg soil). Methods: There were three plots (6 x 12 m plots,
with two olive trees each, on a 13% slope) for each of three treatments: cover crops (2 x
12 m barley strips, sown in October), conventional tillage (15 cm depth, 3-4 passes from
September), or bare fallows (no tillage, with herbicide). Plots with cover crops were tilled
before the barley was sown (10 cm depth). Runoff was collected with tipping-bucket
gauges, and sediment was collected in barrels, from autumn 2000. Soil samples were
collected in summer 2006 (0-10 cm depth, two samples/plot).

A replicated, randomized, controlled study in a rainfed olive orchard in southeast
Spain (11) (years of study not reported, but same study as (5)) found more organic matter
and soil organisms in soils with cover crops, compared to soils without cover crops, under
olive trees. Organic matter: More organic carbon was found in soils with cover crops,
compared to soils without cover crops (8.3-9.9 vs 5.4 g C/kg soil). Soil organisms: More
bacteria were found in soils with cover crops, compared to soils without cover crops
(950-1,400 vs 32-230 million 16S rRNA copies/g soil). Bacterial diversity was similar in
soils with or without cover crops (data reported as Shannon diversity index). Methods:
Herbicide was used on four control plots in autumn, but not on eight treatment plots,
which had resident vegetation. The resident vegetation was controlled in spring with
herbicide (four plots) or mowing (four plots). Plots had 16 olive trees each. Plots were
not tilled. Foliar fertilizer was used. Two soil samples were collected in each plot (0-30
cm depth, sampling date not reported).

A replicated, randomized, controlled study in 2004-2008 in a vineyard in northern
Spain (12) found more organic matter and nitrogen, and higher stability, in soils with
cover crops, compared to conventional tillage, between the vine rows. Organic matter:
More organic carbon was found in soils with cover crops, compared to conventional
tillage, in three of eight comparisons (three of four comparisons at 0-5 cm depth: 8-20
vs 6 g C/kg soil). Nutrients: More nitrogen was found in soils with cover crops, compared
to conventional tillage, in three of eight comparisons (0-2.5 cm: 99-107 vs 21 mg N-
NHa/kg soil; 15-25 cm: 25 vs 12). Soil erosion and aggregation: Higher stability was
found in soils with cover crops, compared to conventional tillage, in two of eight
comparisons (0-2.5 cm depth: 37-42% vs 12% of aggregates were water-stable).
Methods: There were three plots (three vine rows/plot) for each of two cover crops
(sown Festuca longifolia grass or resident vegetation between the vine rows), and there
were three control plots (conventional tillage between the vine rows: cultivator, 0-15 cm
depth, every 4-6 weeks). No plots were fertilized, but herbicide was used under the vine
rows. Soil samples were collected in June 2008 (six augers/plot, 0-25 cm depth).

A site comparison in 2006 in two rainfed almond orchards near Granada, Spain (13),
found more organic matter and nitrogen, less phosphorus, and lower pH in soils with
cover crops (without tillage), compared to soils with conventional tillage (without cover
crops). Organic matter: More organic carbon was found in soils with cover crops
(without tillage), compared to soils with conventional tillage (without cover crops) (8.4-
9 vs 5.4 g total organic C/kg soil). Nutrients: More nitrogen was found in soils with cover
crops (without tillage), compared to soils with conventional tillage (without cover crops)
(1.1 vs 0.83 g total N/kg soil), but less phosphorus was found in one of two comparisons
(oat-vetch cover crop: 1.6 vs 2.1 mg available P/kg soil), and lower pH was found (8.3 vs
8.5), but similar amounts of potassium were found (148-162 vs 186 mg available K/kg
soil). Soil erosion and aggregation: Higher soil stability was found in plots with cover
crops (without tillage), compared to plots with conventional tillage (without cover
crops), in one of two comparisons (61-62% vs 44% of aggregates were water-stable), but
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lower soil stability was found in two of four comparisons (15% vs 13% change in the
mean weight diameter of soil aggregates after sieving). Implementation options: More
phosphorus was found in soils that were cover cropped with oats, compared to oats and
vetch (2.1 vs 1.6 mg available P/kg soil). Methods: Conventional tillage (chisel plough,
20-25 cm depth, 3-4 times/year in 2001-2005, October 2005, and April and June 2006)
was used in one orchard, and no tillage was used in another orchard with two cover crops
(oats and vetch or oats only, sown in January 2006 on one 1 ha plot each). Both orchards
were fertilized (30 t compost/ha), but the orchard with cover crops got more fertilizer
(1,500 kg organic fertilizer/ha on one-third of each plot, 250 kg mineral fertilizer/ha on
one-third). The orchard with cover crops had cereal-fallow rotations before the cover
crops, and it was tilled in November. Soil samples were collected on 18 July 2006 (0-20
cm depth). It was not clear whether these results were a direct effect of cover crops,
tillage, fertilizer, or site.

A replicated, randomized, controlled study in 2003-2005 in a vineyard in Napa
Valley, California, USA (14), found similar amounts of carbon and carbon dioxide in soils
with cover crops or resident vegetation. Implementation options: Similar amounts of
carbon were found in soils with cover crops or resident vegetation (1.64 g total C/g dry
soil). Similar amounts of carbon dioxide were found in soils with cover crops or resident
vegetation (9.02-10.11 vs 8.40-10.99 Mg C0O2-C/ha). Methods: Short-stature barley was
grown as a winter cover crop on three treatment plots (518 m?2 each, four vine alleys
each), but not on three control plots. All plots were disked (5 cm depth) and rolled in
November 2003-2004, before the cover crops were planted. Resident vegetation regrew
on control plots.

A replicated, randomized, controlled study in 2005-2007 in irrigated vineyards in
Sicily, Italy (15), found less erosion in plots with cover crops, compared to conventional
tillage (without cover crops), between the vine rows. Soil erosion and aggregation: Less
erosion was found in plots with cover crops, compared to plots with conventional tillage
(0-61 vs 31-89 Mg soil loss/ha). Implementation options: In plots with cover crops, the
least erosion was found in plots with permanent cover crops (Trifolium clover and
Festuca grass species: 0-40 Mg soil loss/ha), and the most erosion was found in plots with
temporary Vicia faba cover crops (12-61 Mg/ha). Methods: There were three plots
(three vine interrows/plot; 2.2 x 3 m interrows) for each of four temporary cover-crop
treatments (V. faba; V. faba and V. sativa; Triticum durum; or T. durum and V. sativa), two
permanent cover-crop treatments (T. subterraneum, F. rubra, and Lolium perenne, or T.
subterraneum, F. rubra and F. ovina), and three control plots (conventional tillage in the
interrows, 3-4 times/year, 15 cm depth). Cover crops were sown in October. Temporary
cover crops were tilled into the soil in April, but permanent cover crops were not tilled.
The slope of the vineyard was 16%. Erosion was measured after each significant rainfall
event (15 events in November 2005-October 2007) with sediment traps (Gerlach traps:
1 m diameter, 40 litres).

A meta-analysis from 2013 of studies from multiple Mediterranean countries (16)
found a higher percentage of organic matter in soils with cover crops, compared to bare
soils. Organic matter: A higher percentage of organic carbon was found in soils with
cover crops, compared to bare soils (10% higher). The Web of Knowledge database was
searched, using the keywords, “Mediterranean”, “soil”, and “conventional”, and 13 data
sets from 10 studies of cover cropping were found and meta-analysed. The most recent
studies included in this meta-analysis were published in 2011. It was not clear how many
of these studies were from arable fields, orchards, or vineyards.
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A replicated, randomized, controlled study in 2008-2011 in an irrigated avocado
orchard in Chile (17) found more organic matter and nitrogen, higher pH, less erosion,
and higher stability in soils with cover crops, compared to bare soils, between avocado
rows. Organic matter: More organic matter was found in soils with cover crops,
compared to bare soils (2.6-2.8% vs 2.1-2.2%). Nutrients: More nitrogen (1.0-1.1 vs
0.8-0.9 mg total N/g soil), but similar amounts of nitrate (11-59 vs 8-67 mg NOs/kg soil),
and more potassium (162-197 vs 100-122 mg K/kg soil), but similar amounts of
phosphorus (11-15 vs 9-10 mg P/kg soil), were found in soils with cover crops,
compared to bare soils. Higher pH was found in soils with cover crops, compared to bare
soils (6.8-7.2 vs 6.6-6.9). Soil erosion and aggregation: Less soil was lost in runoff
water from plots with cover crops, compared to bare soil (0 vs 1,000-3,400 vs
kg/ha/year). More stable soils were found in plots with cover crops, compared to bare
soil (32-39% vs 22-29% of soil aggregates were water-stable). Methods: Cover crops
were grown in five treatment plots, and bare soil was maintained with herbicide in five
control plots, in an avocado orchard, on a 47% slope (10 x 50 m plots). The groundcover
(Lolium rigidum ryegrass and a legume, Medicago polymorpha) was sown in August 2008
and mown in February 2009-2010 (residues were retained). All plots were fertilized and
irrigated. Soil samples were collected along the tree rows in winter 2009-2011 (0-10 cm
depth, 2 cm diameter soil cores). Soil loss was measured in runoff water, in buried barrels
downslope of each plot.

A replicated, randomized, controlled study in 2003-2005 in eight rainfed olive
orchards in southern Spain (18) found less erosion in plots with cover crops, compared
to tilled plots. Soil erosion and aggregation: Less soil was lost in runoff from plots with
cover crops, compared to tilled plots, on seven of eight farms (63-89% less soil).
Methods: On each of eight farms, cover crops were grown (two of eight farms) or weeds
were not controlled (six of eight farms) on three plots, but weeds were controlled by
conventional tillage (depths not reported) on three plots (1 m2 microplots). Plots were
surrounded by steel sheets, which routed the runoff into plastic containers. Soil loss was
measured in water samples, after each rainfall event.

A replicated, randomized, controlled study in 2008-2010 in an irrigated vineyard in
the San Joaquin Valley, California, USA (19), found similar amounts of nitrogen in
different treatments. Implementation options: Similar amounts of nitrogen were found
in soils with cover crops or resident vegetation (amounts of nitrogen not reported), in
soils with different types of cover crops (oats only, or oats and legumes: amounts of
nitrogen not reported), and in soils with or without tillage (amounts of nitrogen not
reported). Methods: Either seeded cover crops or resident vegetation was grown
between the vine rows on 16 plots each (two vine rows/plot, 190 vines/row). The cover
crops were either oats or oats and legumes, on eight plots each, seeded in November. The
plots were mown in spring, before tillage. No tillage was used on half of the plots, and
conventional tillage was used on the other half. A disk plough (15-20 cm depth) was used
for conventional tillage, in spring, summer (three times), and autumn. Herbicide was used
to control weeds in the vine rows (50 cm width). Soil samples were collected in spring,
before mowing and tillage (five soil cores/plot, on 40 m transects; depths not reported).

A replicated, randomized, controlled study in 2009-2011 in a rainfed vineyard in
northern Spain (20) found more nitrogen and ammonium in soils with cover crops,
compared to conventional tillage, between the vine rows, but found inconsistent
differences in nitrate. Nutrients: More nitrogen was found in soils with cover crops,
compared to conventional tillage, in one of 12 comparisons (clover, 0-15 cm depth: 2,050
vs 1,900 kg total N/ha), and more ammonium was found in two of 12 comparisons
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(clover, 0-15 cm depth: 5.1-6.3 vs 3.5-4.8 kg NH4-N/ha). Less nitrate was found in soils
with cover crops, compared to conventional tillage, in some comparisons, but more
nitrate was found in other comparisons (2-35 vs 2-26 kg N-NOs/ha). Implementation
options: Less nitrate (0-15 cm depth: 2-5 vs 11-35 kg N-NO3/ha; 15-45 cm depth: 2-9
vs 15-50), and less ammonium at one of two depths (0-15 cm depth: 3-5 vs 5-6.3 kg
NH4-N/ha), were found in soils that were cover cropped with grass (barley) compared to
legumes (clover), after one year of cover cropping, but not before. Methods: There were
three plots (four vine rows/plot, 20 vines/row) for each of two cover crops (Hordeum
vulgare barley or Trifolium resupinatum Persian clover between the vine rows, sown in
February 2009 and 2011), and there were three control plots (conventional tillage
between the vine rows: disk plough, 0-15 cm depth, every 4-6 weeks in February-
August). No plots were fertilized. Herbicides were used under the vine rows. Vine
prunings were retained between the rows. Soil samples (0-45 cm depth, three
samples/plot) were collected five times/season (April-September).

A replicated site comparison in 2009 in rainfed vineyards in southern France (21)
found more organic matter, phosphorus, and soil organisms in soils with ground cover,
compared to bare soils. Organic matter: More organic carbon was found in soils with
ground cover, compared to bare soils, in three of six comparisons (permanent cover
crops: 12-20 vs 6-14 g C/kg soil). Nutrients: More phosphorus was found in soils with
ground cover, compared to bare soils, in one of six comparisons (permanent ground
cover: 11 vs 7 mg available P/kg soil). Similar amounts of nitrogen and potassium, and
similar pH levels, were found in soils with ground cover, compared to bare soils (data not
reported). Soil organisms: More microbial biomass (measured as carbon) was found in
soils with ground cover, compared to bare soils, in four of six comparisons (50-140 vs
30-90 mg C/kg soil), and more nematodes were found in one of three comparisons (747-
1,371 vs 351 total nematodes/100 g soil). Implementation options: More organic
carbon was found in soils with permanent ground cover, compared to temporary ground
cover, in one of three comparisons (18 vs 13 g C/kg soil), and more phosphorus was found
in one of three comparisons (11 vs 7 mg available P/kg soil). More microbial biomass
(measured as carbon) was found in soils with permanent ground cover, compared to
temporary, in two of three comparisons (120-150 vs 90-120 mg C/kg soil), and more
nematodes were found in one of three comparisons (1,371 vs 747 total nematodes/100
g soil). Methods: In 146 plots of three soil types, there was permanent vegetation (4-
22% of plots in each soil type), temporary vegetation (48-68%), or bare soil (16-42%)
between the vine rows, for at least five years before soil sampling. Soil samples were
collected from the interrows in March-May 2009 (10 homogenized samples/plot, 0-15
cm depth).

A meta-analysis from 2016 of 24 studies in orchards and vineyards in Spain (22)
found more organic matter in soils with winter cover crops, compared to soils with
conventional tillage. Organic matter: More organic carbon was found in soils with cover
crops, compared to conventional tillage (data reported as the response ratio: 1.35).
Methods: The Scopus database was searched for publications in January 2016, using the
keywords, “olive” or “vineyard” or “almond” or the scientific names of these species, and
the keywords “soil organic carbon” or “soil organic matter”. Together with publications
from another meta-analysis (16), 24 replicated, controlled studies from 2005 to 2015
were meta-analysed. In these studies, soil samples were collected from depths of 0-10 to
0-90 cm in almond orchards, olive orchards, and vineyards in Mediterranean climates in
Spain. Plots with cover crops mostly had resident vegetation over the winter, which was
controlled by mowing, grazing, or using herbicide in the spring, or reduced tillage in
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spring and autumn. In plots without cover crops, resident vegetation was controlled
throughout the year by using herbicide and/or conventional tillage. It was not clear
whether these results were a direct effect of cover crops, tillage, herbicide, mowing, or
grazing.
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Use crop rotations: Soil (14 studies)

Organic matter (9 studies): Five replicated, controlled studies (two randomized) from Italy'?,
Portugal*, and Spain®8.'4 found less organic matter in soils with crop rotations, compared to
continuous crops, in some comparisons. One replicated, controlled study from Syria3 found more
organic matter in soils with crop rotations, compared to continuous crops, in some comparisons.
Three replicated, controlled studies from Spain'57 found similar amounts of organic matter in
soils with or without crop rotations.

Nutrients (5 studies)

o Nitrogen (5 studies): One replicated, randomized, controlled study from Australia’® found
more nitrogen in soils with crop rotations, compared to continuous crops, in one of four
comparisons. One replicated, controlled study from Italy'2 found less nitrogen in soils
with crop rotations, compared to continuous crops, in some comparisons. One
replicated, randomized, controlled study from Spain'! found inconsistent differences in
nitrogen in soils with or without crop rotations. Two replicated, randomized, controlled
studies from Portugal* and Spain® found similar amounts of nitrogen in soils with or
without crop rotations.

o Phosphorus (2 studies): Two replicated, randomized, controlled studies from Portugal*
and Spain found less phosphorus in soils with crop rotations, compared to continuous
crops, in some comparisons.

o pH (2 studies): Two replicated, randomized, controlled studies from Portugal* and Spain>
found similar pH levels in soils with or without crop rotations.

Soil organisms (3 studies)

o Microbial biomass (2 studies): One replicated, controlled study from Italy'2 found more
microbial biomass in soils with crop rotations, compared to continuous crops, in some
comparisons. One replicated, randomized, controlled study from Spain' found less
microbial biomass in soils with crop rotations, compared to continuous crops, in some
comparisons.

o Bacteria and fungi (1 study): One replicated, randomized, controlled study from Portugal*
found more fungi, but similar amounts of bacteria, in soils with crop rotations, compared
to continuous crops.
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e Soil erosion and aggregation (4 studies): One replicated, controlled study from Syria3 found
higher water-stability in soils with crop rotations, compared to continuous crops. One replicated,
randomized, controlled study from Spain' found lower water-stability in soils with crop rotations,
compared to continuous crops, in some comparisons. One replicated, randomized, controlled
study from Spain® found inconsistent differences in water-stability in soils with or without crop
rotations. One replicated, randomized, controlled study from Spain8 found no differences in
water-stability.

e Greenhouse gases (4 studies): One replicated, controlled study from ltaly'2 found higher
carbon dioxide emissions from soils with crop rotations, compared to continuous crops, in some
comparisons. One replicated, randomized, controlled study from Spain'* found similar carbon
dioxide emissions from soils with or without crop rotations. One replicated, randomized,
controlled study from Australia’ found lower nitrous oxide and methane emissions from soils
with crop rotations, compared to continuous crops, but another one'3 found no differences in
nitrous oxide emissions.

e Implementation options (2 studies): Two studies from Syria® and the USA? found similar
amounts of nitrogen in soils with two-year or four-year rotations. One of these studies® also found
similar amounts of organic matter.

A replicated, randomized, controlled study in 1983-1996 in a rainfed wheat field in the
Henares river valley, Spain (1), found lower stability in soils with crop rotations,
compared to soils without crop rotations, in some comparisons. Organic matter: Similar
amounts of organic carbon were found in soils with or without crop rotations (42.3 vs
40.4 Mg C/ha). Soil erosion and aggregation: Lower soil stability was found in soils with
crop rotations, compared to soils without crop rotations, in three of four comparisons (in
1-2 mm pre-wetted soil aggregates: 76% vs 79% water stable; in 1-2 mm air-dried soil
aggregates: 5.5% vs 6.1%; in 4.38 mm air-dried soil aggregates: 2% vs 7%). Methods:
Wheat was grown continuously or in rotation with vetch (12 plots each, 20 x 30 m plots).
Fertilizer and post-emergence herbicide were used on all plots. Soil samples were
collected in June 1996 (plots with rotations) or July 1996 (plots without rotations), with
four samples/subplot. Organic carbon was measured at 0-40 cm depth. Aggregate
stability was measured at 0-30 cm depth.

A replicated, randomized, controlled study in 1994-1998 in arable farmland in
California, USA (2), found similar amounts of nitrogen in plots with four-year or two-year
crop rotations. Implementation options: Similar amounts of nitrogen were found in
plots with four-year or two-year crop rotations (29-42 vs 26-40 mg ammonium and
nitate/kg soil, 0-15 cm depth). Methods: A four-year rotation (tomato, safflower, corn
and wheat, beans) was used on 16 plots (four plots for each phase, each year), and a two-
year rotation (tomato, wheat) was used on eight plots (four plots for each phase, each
year). Each plot was 68 x 18 m. Fertilizer and pesticide were used on all plots. Soil samples
were collected from tomato plots (every 2-3 weeks in the cropping season in 1994-1998,
0-15 cm depth).

A replicated, controlled experiment in 1985-1995 in a rainfed durum wheat field
near Aleppo, Syria (3), found more organic matter and greater stability in soils with crop
rotations, compared to continuous wheat. Organic matter: More organic matter was
found in plots with crop rotations, compared to continuous wheat, in five of six
comparisons (11.4-13.8 vs 10.9 g/kg). Soil erosion and aggregation: More stable soils
were found in plots with crop rotations, compared to continuous wheat (30-41% vs 22%
of aggregates were water-stable). Methods: Durum wheat Triticum turgidum var. durum

132



was grown continuously or in two-year rotations with lentils Lens culinaris,
chickpeas Cicer arietinum, medic Medicago sativa, vetch Vicia faba, watermelon Citrullus
vulgaris, or fallow (one plot for each crop phase, each year). Each plot was 36 x 150 m.
Soils samples were collected each year, before planting (0-20 cm depth).

Areplicated, randomized, controlled study in 2004-2006 in an occasionally irrigated
oat field in Portugal (4) found less organic matter, phosphorus, and fungi in soils with a
lupin-oat sequence, compared to an oat-oat sequence. Organic matter: Less organic
carbon was found in soils with a lupin-oat sequence, in one of two comparisons (tilled
plots: 6.2 vs 7.7 g/kg). Nutrients: Less phosphorus was found in soils with a lupin-oat
sequence, in one of two comparisons (tilled plots: 51 vs 59 mg/kg). Similar amounts of
nitrogen, and similar pH levels, were found in soils with both sequences (35-39 vs 41-44
g mineral N/kg, pH 5.2-5.4). Soil organisms: Fewer fungi were found in soils with a
lupin-oat sequence (0.0023-0.0034 vs 0.0036-0.0045 colony forming units/g soil), but
similar numbers of bacteria were found in both sequences (data not reported). Methods:
Oats or white lupins Lupinus albus were grown in six plots each in 2003-2004 (year 1).
Oats were grown in all plots in 2004-2005 (year 2). Each plot was 5 x 10 m. Half were
tilled (15 cm depth), and half were not (crop residues were retained). All plots were
fertilized with phosphorus (60 kg/ha), and oats were also fertilized with nitrogen (100
kg/ha). The seeds were sown in September and the oats were harvested in May. Soil
samples were collected in year 2, in October, November, January, March, May, and July
(0-15 cm depth). Bacteria and fungi were cultured from soil samples.

A replicated, randomized, controlled study in 1993-2000 in arable farmland in
Madrid, Spain (5), found less phosphorus in plots with fallow-barley rotations, compared
to continuous barley. Organic matter: Similar amounts of organic carbon were found in
soils with or without crop rotations (data not reported). Nutrients: Less phosphorus was
found in soils with crop rotations, compared to continuous barley, in one of six
comparisons (compared to fallow-barley at one depth: 16 vs 18 kg/ha). Similar amounts
of nitrogen, and similar pH levels, were found in soils with or without rotations (0.9-1.8
Mg/ha; data not reported for pH). Methods: Barley was grown continuously (one plot),
or in rotation with vetch Vicia sativa or fallow (one plot/phase), in each of three tillage
treatments (conventional, reduced, or no tillage), in each of four blocks. Plots were 10 x
25 m. The barley phases were fertilized (8-24-8 NPK: 200 kg/ha; ammonium nitrate: 200
kg/ha). Before the experiment, barley was grown in these plots for over 10 years. Barley
was harvested in June. Soil samples were collected after each harvest (0-90 cm depth).

A replicated, randomized, controlled study in 2003 in a rainfed barley field in the
Ebro river valley, Spain (6), found less organic matter, but inconsistent differences in
stability, in soils with barley-fallow rotations, compared to continuous barley. Organic
matter: Less organic carbon was found in soils with barley-fallow rotations, compared
to continuous barley, in one of three comparisons (0-20 cm depth: 2,306 vs 2,743 g
C/m?2). Soil erosion and aggregation: Fewer large aggregates were found in soils with
barley-fallow rotations, compared to continuous barley, in one of nine comparisons
(water-stable aggregates >2,000 pm, 0-5 cm depth: 0.09 vs 0.15 g aggregate/g soil), but
more were found in one of nine comparisons (53-250 pm, 0-5 cm depth: 0.6 vs 0.5 um).
Methods: Barley was grown in rotation with fallows on three plots, but barley was grown
continuously on three other plots. Plots were 33 x 10 m. Soil samples were collected with
a flat spade (0-20 cm depth) in July 2003.

A replicated, controlled study in 1994-2001 in a rainfed cereal field in the Duero
valley, northern Spain (7), found similar amounts of organic matter in soils with or
without crop rotations. Organic matter: Similar amounts of organic carbon were found
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in soils with or without crop rotations (36-42 Mg/ha). Methods: Cereals (wheat and
barley) were grown continuously (one plot/year), in rotation with vetch Vicia sativa (two
plots/year: one cereal, one vetch), or in rotation with fallow (two plots/year: one cereal,
one fallow), in each of three tillage treatments (conventional, reduced, or no tillage), in
each of four blocks. Each plot was 450 m?, and there were 60 plots in total (five
plots/three treatments/four blocks). The cereals were fertilized (8-24-8 NPK: 400 kg/ha;
ammonium sulphate: 300 kg/ha). Herbicide was used on all plots. Soil samples were
collected in October 1994, 1997, and 2000 (three samples/plot, 0-30 cm depth), before
tillage in November.

A replicated, randomized, controlled study in 2005-2007 in a wheat field near
Madrid, Spain (8), found less organic matter in soils with wheat-fallow rotations,
compared to continuous wheat. Organic matter: Less organic carbon was found in soils
with wheat-fallow rotations, compared to soils with continuous wheat, in one of four
comparisons (November 2006, 0-7.5 cm depth: 7 vs 8 Mg/ha). Soil erosion and
aggregation: No difference in stability was found in soils with or without rotations (25-
55% of aggregates were water-stable). Methods: Crop rotation (wheat-fallow) or
continuous cropping (wheat-wheat) was used on 12 plots each (10 x 25 m plots) in 2005-
2007. All plots were fertilized. Soil samples were collected after the seedbeds were
prepared (three samples/plot, 0-15 cm depth), in November 2006 and October 2007.

A replicated, randomized, controlled study in 1996-2008 in rainfed farmland near
Aleppo, Syria (9), found similar amounts of organic matter and nitrogen in soils with two-
course or four-course crop rotations. Implementation options: Similar amounts of
organic matter and nitrogen were found in soils with two-course or four-course crop
rotations (organic matter: 10-18 g/kg soil; nitrogen: 0.76 g/kg soil). Methods: The crop
rotations were vetch-barley (two-course) or vetch-barley-vetch-wheat (four-course).
Each rotation was grown on twenty plots (25 x 25 m). Soil samples were collected in 2003
(0-30 cm depth) and 2008 (0-20 cm depth).

A replicated, randomized, controlled study in 2009-2010 in a rainfed wheat field in
the Wongan Hills, Western Australia (10), found that less nitrous oxide was emitted from,
and more methane was absorbed by, soils with a lupin-wheat sequence, compared to a
wheat-wheat sequence, over two years. Greenhouse gases: Less nitrous oxide was
emitted from plots with a lupin-wheat sequence, compared to a wheat-wheat sequence,
in one of two comparisons (without added lime: 100 vs 130 g N20-N/ha, over two years).
More methane was absorbed by plots with a lupin-wheat sequence, compared to a wheat-
wheat sequence, in one of two comparisons (without added lime: 991 vs 601 g CH4-C/ha).
Methods: Wheat or lupin Lupinus angustifolius was planted on six 150 m? plots each, in
June 2009. In June 2010, wheat was planted on all plots. Lime was added to half of the
plots (3.5 t/ha). Different fertilizers were used on each crop (e.g., no nitrogen was used
on lupin). No plots were tilled. Nitrous oxide and methane were measured with chambers
(500 mm x 500 mm chambers, eight measurement/day/plot, for two years beginning in
June 2009).

A replicated, randomized, controlled study in 1992-2010 in a rainfed wheat field in
southern Spain (11) found inconsistent differences in nitrate between soils with or
without crop rotations. Nutrients: Less nitrate was found in soils with crop rotations,
compared to continuous wheat, in three of four rotations (55-117 vs 124 kg nitrate/ha),
but more was found in one of four rotations (wheat-faba bean: 139 kg/ha). Methods:
Wheat was grown continuously (one plot/year) or in two-year rotations with chickpeas,
faba beans, sunflower, or fallows (each with two plots/year: one wheat, one alternate), in
each of two tillage treatments (conventional tillage or no tillage), in each of three blocks.
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Each plot had four subplots (10 x 5 m), each with a different amount of fertilizer (0-150
kg N/ha). Soil samples were collected every three years (0-90 cm).

A replicated, controlled study in 1999-2010 in a rainfed durum wheat field in Sicily,
Italy (12), found less carbon and nitrogen, but more microbial biomass and higher
greenhouse-gas emissions, in plots with wheat-bean rotations, compared to continuous
wheat. Organic matter: Less organic carbon was found in soils with wheat-bean
rotations, compared to plots with continuous wheat, in two of three comparisons (29-33
vs 33-36 Mg/ha; 19 vs 21 g/kg). Nutrients: Less nitrogen was found in soils with wheat-
bean rotations, in two of three comparisons (1-1.1 vs 1.3-1.4 g/kg). Soil organisms:
More microbial biomass (measured as carbon) was found in soils with wheat-bean
rotations, in two of three comparisons (293-509 vs 208-330 mg C/kg). Greenhouse
gases: More carbon was emitted from plots with wheat-bean rotations, compared to
continuous wheat (carbon output, in one of three comparisons: 3.1 vs 2.4 Mg C/ha/year;
soil respiration: 17-22 vs 14-19 mg C/kg/day). Methods: Durum wheat Triticum durum
was grown continuously or in a two-year rotation with faba beans Vicia faba on four plots
each (18.5 x 20 m plots). Fertilizer and herbicide were used on all plots (half were tilled,
and half were not). Soil samples were collected after harvest, in June 2009 (three
samples/plot, 0-15 cm depth). Carbon dioxide was measured on 36 days in April 2008-
April 2009 (closed chambers, 12 measurements/plot, 9-11 am).

A replicated, randomized, controlled study in 2010-2011 in a rainfed field in
Western Australia (13) found more nitrogen in plots with canola-wheat or wheat-wheat
sequences. Nutrients: More nitrogen was found in plots with a canola-wheat sequence,
compared to a wheat-wheat sequence, in one of four comparisons (after planting: 106 vs
93 kg total N/ha). Greenhouse gases: Similar nitrous oxide emissions were found in
plots with different crop sequences (0.03-0.18 g/ha/hour). Methods: Wheat or canola
was grown on three plots each, in 2010, and wheat was grown on all plots in 2011. Each
plot was 1.4 x 40 m. Fertilizer (150 kg/ha/year) and herbicide were used on all plots. Soil
samples were collected in September 2010-December 2011 (0-150 cm depth). Nitrous
oxide was measured in closed chambers, five times in May-October 2011 (250 mm
diameter, 325 mm height, two chambers/plot, one hour/plot).

A replicated, randomized, controlled study in 1994-2013 in a rainfed wheat field
near Madrid, Spain (14), found less organic matter and microbial biomass in plots with
four-year rotations, compared to continuous wheat. Organic matter: Less organic
carbon was found in soils with rotations, compared to continuous wheat, in two of 12
comparisons (5-7 vs 6-8 g C/kg soil). Soil organisms: Less microbial biomass (measured
as carbon) was found in soils with rotations, compared to continuous wheat, in one of 12
comparisons (200 vs 260 mg C/kg soil). Greenhouse gases: Similar carbon dioxide
emissions were found in plots with or without rotations (20-42 mg CO2-C/kg soil/day).
Methods: Continuous wheat crops or four-year crop rotations (fallow-wheat-vetch Vicia
sativa-barley) were used on 12 plots each (10 x 25 m subplots). The cereals were
fertilized (NPK, 200 kg/ha, twice/year, in October and March). The crop residues were
shredded and retained (but some of the plots were tilled). Soil samples were collected in
October 2010, April 2011, November 2011, May 2012, October 2012 and April 2013 (50
mm diameter, 0-15 cm depth).

(D Hernanz, J.L., Lépez, R, Navarrete, L. & Sanchez-Girén, V. (2002) Long-term effects of tillage
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135



(3)
(4)

(5)

(6)

(7)

(8)
(9)

(10)

(11)

(12)

(13)

(14)

3.9.

conventional farming systems in northern California. Agriculture, Ecosystems and Environment,
90, 125-137.

Masri, Z. & Ryan, ]. (2006) Soil organic matter and related physical properties in a Mediterranean
wheat-based rotation trial. Soil and Tillage Research, 87, 146-154.

De Varennes, A., Torres, M.0O., Cunha-Queda, C., Goss, M.]. & Carranca, C. (2007) Nitrogen
conservation in soil and crop residues as affected by crop rotation and soil disturbance under
Mediterranean conditions. Biology and Fertility of Soils, 44, 49-58.

Martin-Rueda, I., Mufioz-Guerra, L.M., Yunta, F., Esteban, E., Tenorio, ].L. & Lucena, ].J. (2007)
Tillage and crop rotation effects on barley yield and soil nutrients on a Calciortidic Haploxeralf.
Soil and Tillage Research, 92, 1-9.

Alvaro-Fuentes, ], Cantero-Martinez, C., Lopez, M.V., Paustian, K., Denef, K., Stewart, C.E. & Arrte,
J.L. (2009) Soil Aggregation and Soil Organic Carbon Stabilization: Effects of Management in
Semiarid Mediterranean Agroecosystems. Soil Science Society of America Journal, 73, 1519-1529.
Sombrero, A. & de Benito, A. (2010) Carbon accumulation in soil. Ten-year study of conservation
tillage and crop rotation in a semi-arid area of Castile-Leon, Spain. Soil and Tillage Research, 107,
64-70.

Martin-Lammerding, D., Hontoria, C., Tenorio, ].L. & Walter, I. (2011) Mediterranean Dryland
Farming: Effect of Tillage Practices on Selected Soil Properties. Agronomy Journal, 103, 382-389.
Sommer, R, Ryan, J., Masri, S, Singh, M. & Diekmann, J. (2011) Effect of shallow tillage, moldboard
plowing, straw management and compost addition on soil organic matter and nitrogen in a
dryland barley/wheat-vetch rotation. Soil and Tillage Research, 115-116, 39-46.

Barton, L., Murphy, D.V. & Butterbach-Bahl, K. (2013) Influence of crop rotation and liming on
greenhouse gas emissions from a semi-arid soil. Agriculture, Ecosystems and Environment, 167,
23-32.

Lépez-Bellido, L., Muiioz-Romero, V. & Lopez-Bellido, R.J. (2013) Nitrate accumulation in the soil
profile: Long-term effects of tillage, rotation and N rate in a Mediterranean Vertisol. Soil and
Tillage Research, 130, 18-23.

Laudicina, V.A.,, Novara, A., Gristina, L. & Badalucco, L. (2014) Soil carbon dynamics as affected by
long-term contrasting cropping systems and tillages under semiarid Mediterranean climate.
Applied Soil Ecology, 73, 140-147.

Manalil, S. & Flower, K. (2014) Soil water conservation and nitrous oxide emissions from
different crop sequences and fallow under Mediterranean conditions. Soil and Tillage Research,
143, 123-129.

Martin-Lammerding, D., Navas, M., Albarran, M.M., Tenorio, J.L. & Walter, I. (2015) LONG term
management systems under semiarid conditions: Influence on labile organic matter, 3-
glucosidase activity and microbial efficiency. Applied Soil Ecology, 96, 296-305.

Use no tillage in arable fields: Soil (40 studies)

Organic matter (20 studies): One meta-analysis of studies from Mediterranean countries?
found more organic matter in soils without tillage, compared to soils with tillage. Fourteen
replicated studies (eleven randomized and controlled, one controlled, one site comparison) from
Italy20, Spain®.19.2126.28,29,32,33.3839  and the USA'.7.12 found more organic matter in soils without
tillage, compared to soils with tillage, in some comparisons6.’.1219-212829.323338 or gl|
comparisons'2639. One replicated, randomized, controlled study from Portugal'® found less
organic matter in soils without tillage, compared to soils with tillage, in some comparisons. One
replicated, randomized, controlled study from Spain3” sometimes found more organic matter, and
sometimes found less, in soils without tillage, compared to soils with tillage. Three replicated,
controlled studies (two randomized) from Italy3' and Spain3435 found similar amounts of organic
matter in soils with or without tillage.

Nutrients (19 studies)
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Nitrogen (18 studies): Six replicated studies (five randomized and controlled, one site
comparison) from ltaly203040 Spain32, and the USA122! found more nitrogen in soils
without tillage, compared soil with tillage, in some comparisons2021.30.3240 or gl|
comparisons'2. Six replicated, randomized, controlled studies from Spain48.23.27.34.36
found less nitrogen in soils without tillage, in some comparisons*823:3436 or all
comparisons?’. Two replicated, controlled studies from Spain® and the USA? sometimes
found more nitrogen and sometimes found less nitrogen in soils without tillage,
compared to soils with tillage. Four replicated, controlled studies (three randomized)
from ltaly3!, Portugal8, Spain®, and the USA7 found similar amounts of nitrogen in soils
with or without tillage.

Phosphorus (5 studies): Three replicated, randomized, controlled studies from Spain6.9
and the USA7 found more phosphorus in soils without tillage, compared to soils with
tillage, in some comparisonsb7, or all comparisons®. One replicated, randomized,
controlled study from Portugal® found less phosphorus in soils without tillage, compared
to soils with tillage, in some comparisons. One replicated, randomized, controlled study
from Spain32 found similar amounts of phosphorus in soils with or without tillage.

Potassium (3 studies): One replicated, randomized, controlled study from Spain® found
more potassium in soils without tillage, compared to soils with tillage, in some
comparisons. One replicated, randomized, controlled study from the USA7 sometimes
found more potassium and sometimes found less potassium in soils without tillage,
compared to soils with tillage. One replicated, randomized, controlled study from Spain?2
found similar amounts of potassium in soils with or without tillage.

pH (2 studies): One replicated, randomized, controlled study from Portugal'® found lower
pH levels in soils without tillage, compared to soils with tillage, in some comparisons.
One replicated, randomized, controlled study from the USA7 found similar pH levels in
soils with or without tillage.

e Soil organisms (18 studies)

o

Microbial biomass (13 studies): Five replicated, controlled studies (four randomized)
from Italy3! and Spain?226.2839 found more microbial biomass in soils without tillage,
compared to soils with tillage, in some comparisons2228 or all comparisons26.3139, Two
replicated, randomized, controlled studies from Spain'337 sometimes found more
microbial biomass, and sometimes found less, in soils without tillage, compared to soils
with tillage. Six replicated, randomized, controlled studies from Spain4.15:33.34.38 and the
USAY found similar amounts of microbial biomass in soils with or without tillage.

Earthworms (2 studies): Two replicated studies (one controlled, one site comparison)
from the USA'.12 found more earthworms in soils without tillage, compared to soils with
tillage.

Nematodes (2 studies): Two replicated, controlled studies (one randomized) from the
USA7.16 found similar numbers of nematodes in soils with or without tillage. However,
one of these studies'® found different communities of nematodes in soils with or without
tillage.

Mites (1 study): One replicated, controlled study from the USA'® found different
communities of mites, but similar numbers of mites, in soils with or without tillage.

Other soil organisms (1 study): One replicated, randomized, controlled study from
Spain3 found similar amounts of denitrifying bacteria in soils with or without tillage.
Another replicated, randomized, controlled study from Spain® found more
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microorganisms in soils without tillage, compared to soils with tillage, in some
comparisons. One replicated, randomized, controlled study from Portugal'® found more
fungus in soils without tillage, compared to soils with tillage.

e Soil erosion and aggregation (9 studies): Seven replicated studies (six randomized and
controlled, one site comparison) from Spain®.1928.29.34.38 and the USA'2 found that soils without
tillage were more stable than tilled soils, in some comparisons®.19.28:293438 or all comparisons'2.
Two replicated, randomized, controlled studies from Spain38 found that soils without tillage were
sometimes more stable, and were sometimes less stable, than tilled soils.

e Greenhouse gases (10 studies)

o Carbon dioxide (7 studies): Three replicated, controlled studies (two randomized) from
Italy3' and Spain'7:35 found more carbon dioxide in soils without tillage, compared to soils
with tillage. Two replicated, randomized, controlled studies from Spain310 found less
carbon dioxide in soils without tillage, compared to soils with tillage, in some
comparisons. Two replicated, randomized, controlled studies from Spain2437 sometimes
found more carbon dioxide, and sometimes found less, in soils without tillage, compared
to soils with tillage. One replicated, randomized, controlled study from Spain3 found
similar amounts of carbon dioxide in soils with or without tillage.

o Nitrous oxide (3 studies): One replicated, randomized, controlled study from Spain3®
sometimes found more nitrous oxide, and sometimes found less, in soils without tillage,
compared to soils with tillage. Two replicated, randomized, controlled studies from
Spain343? found similar amounts of nitrous oxide in soils with or without tillage.

o Methane (3 studies): One replicated, randomized, controlled study from Spain3* found
less methane in soils without tillage, compared to soils with tillage. One replicated,
randomized, controlled study from Spain® sometimes found more methane, and
sometimes found less, in soils without tillage, compared to soils with tillage. One
replicated, randomized, controlled study from Spain3 found similar amounts of methane
in soils with or without tillage.

e Implementation options (1 study): One replicated, randomized, controlled study from Spain??
found more organic matter in soils that had not been tilled for a long time, compared to a short
time, in one comparison. This study also found greater stability in soils that had not been tilled
for a long time, in some comparisons.

Areplicated, controlled study in 1996-1998 in an irrigated tomato field in the San Joaquin
Valley, California, USA (1) (same study as (2)), found more soil carbon and earthworms
in plots with winter cover crops and no tillage, compared to plots with bare soil in winter
and conventional tillage in spring. Organic matter: More soil carbon was found in plots
with no tillage, compared to tillage (0.66-0.72% vs 0.62% carbon, 0-0.6 inches depth).
Soil organisms: More earthworms were found in plots with no tillage, compared to
tillage (2.1 vs 0.6 earthworms/square foot). Methods: There were 12 plots (4.5 x 27.5 m
plots) for each of two treatments (two grass-legume mixtures as winter cover crops,
sown in October 1996-1997, killed and retained as mulch, with no tillage, in March 1997-
1998) and there were 12 control plots (bare-soil fallow in winter, with herbicide, and
conventional tillage in spring). Soil carbon was sampled in September 1998 (eight
subsamples/plot, 0-0.6 inches depth). Earthworms were sampled in March 1998 (two
cylinders/plot, 16.5 inches diameter, 6 inches depth, sprinkled with mustard powder so
that earthworms would come to the surface). It was not clear whether these results were
a direct effect of cover crops or tillage.
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A replicated, controlled study in 1996-1998 in an irrigated tomato field in the San
Joaquin Valley, California, USA (2) (same study as (1)), found less nitrate in winter and
spring, but more nitrate in summer, in plots with winter cover crops (and no tillage in
spring), compared to plots with winter fallows (and tillage in spring). Nutrients: Less
nitrate was found in plots with cover crops, compared to fallows, when measured in
winter or spring (19 of 32 comparisons: 0.9-4.1 vs 3.8-7.9 ppm, 0-30 cm depth), but
more nitrate was found when measured in summer (27 of 32 comparisons: 21-41 vs 8-
14 ppm, 0-30 cm depth). Methods: There were 12 plots (4.5 x 27.5 m plots) for each of
four treatments (two grass-legume mixtures, or two legumes without grasses, as winter
cover crops, sown in October 1996-1997, killed and retained as mulch, with no tillage, in
March 1997-1998) and each of two controls (bare-soil fallows in winter, with or without
herbicide, and conventional tillage in spring). Tomato seedlings were transplanted in
April 1997-1998. The tomatoes were irrigated (two inches/week) and fertilized (0, 100,
or 200 Ib N/acre, in March 1997 and May 1998). Soil nitrate was sampled four times in
1998 (0-30 cm depth, three samples/plot). It was not clear whether these results were a
direct effect of cover crops or tillage.

A replicated, randomized, controlled study in 1983-1996 in a rainfed wheat field in
the Henares river valley, Spain (3), found that tillage had inconsistent effects on soil
stability. Soil erosion and aggregation: Lower soil stability was found in plots with no
tillage, compared to conventional tillage, in one of four comparisons (1-2 mm pre-wetted
soil aggregates: 76.3% vs 78.4% water stable), but higher stability was found in two of
four comparisons (1-2 mm air-dried soil aggregates: 11% vs 2.9% water stable; 4.38 mm
air-dried soil aggregates: 12% vs 1%). Methods: No tillage or conventional tillage was
used on four plots each. Each plot had two subplots (20 x 30 m, with or without crop
rotation). A mouldboard plough (30 cm depth, in autumn) and a tine cultivator (10-15
cm depth, two passes, in spring) were used for conventional tillage. A seed drill and pre-
emergence herbicide were used for no tillage. Fertilizer and post-emergence herbicide
were used on all plots. Soil samples were collected in June or July 1996 (0-30 cm, four
samples/subplot).

A replicated, randomized, controlled study in 1996-1999 in three rainfed barley
fields in the Ebro river valley, Spain (4) (same study as (17,23,24,26)), found less nitrogen
in soils with no tillage, compared to conventional tillage. Nutrients: Less nitrogen was
found in soils with no tillage, compared to conventional tillage, in three of nine
comparisons (82-165 vs 104-247 kg/ha). Methods: No tillage or conventional tillage
was used on 27 plots each (50 x 6 m plots). A mouldboard plough (25-30 cm depth) and
a cultivator (15 cm depth, 1-2 passes) were used for conventional tillage, in August-
September. Herbicide was used for no tillage. Two-thirds of the plots were fertilized (50-
75 or 100-150 kg N/ha). Barley was sown, with a seed drill, in October-November. Soil
samples were collected four times/year (0-50 cm in two of three fields, 0-100 cm in one
field, two soil cores/plot).

A replicated, randomized, controlled study in 2003-2005 on rainfed farms in the
Ebro river valley, Spain (5) (same study as (10)), found less greenhouse gas in soils with
no tillage, compared to conventional tillage. Greenhouse gases: Less carbon dioxide was
found in soils with no tillage, compared to conventional tillage, in 18 of 39 comparisons,
in the two days after tillage (0.1-2.3 vs 0.1-13.3 g CO2/m?/hour). Methods: No tillage or
conventional tillage was used on ten plots each (33-50 x 7-10 m plots), on a total of three
farms, with multiple crops. A mouldboard or subsoil plough was used on plots with
conventional tillage (25-40 cm depth). Herbicide was used on plots with no tillage.
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Carbon dioxide was measured with a dynamic chamber (21 cm diameter, 900 mL
airflow/minute, two samples/plot), 4-6 times in the 48 hours after tillage.

A replicated, randomized, controlled study in 1993-1997 in a rainfed barley field
near Madrid, Spain (6) (same study as (19,37,39)), found more organic matter,
phosphorus, and potassium in soils with no tillage, compared to conventional tillage, but
tillage had inconsistent effects on nitrogen. Organic matter: More organic carbon was
found in soils with no tillage, compared to conventional tillage, in six of eight comparisons
(8-11 vs 4-6 Mg/ha), but less was found in one of eight comparisons (6 vs 7 Mg/ha).
Nutrients: More nitrogen was found in soils with no tillage, compared to conventional
tillage, in six of eight comparisons (0.7-1.4 vs 0.4-0.9 Mg total N/ha), but less was found
in one of eight comparisons (0.5 vs 0.6 Mg/ha). More potassium and phosphorus were
found in soils with no tillage, compared to conventional tillage, in two of four comparisons
(in 1997: 13-17 vs 7-8 kg extractable P/ha; 250-310 vs 150-190 kg extractable K/ha).
Similar pH was found in soils with no tillage or conventional tillage (pH 7.8). Methods:
No tillage or conventional tillage was used on four plots each (five 10 x 25 m
subplots/plot, with barley monocultures or barley rotations). A mouldboard plough (30
cm depth) and a cultivator (10-15 cm depth, when needed for weed control) were used
for conventional tillage. Pre-emergence herbicide was used for no tillage. The barley was
fertilized (NPK: 200 kg/ha; ammonium nitrate: 200 kg/ha). Soil samples were collected
after the harvest in 1994-1997 (0-90 cm depth; organic matter and nitrogen were
assessed at 0-30 cm depth).

A replicated, randomized, controlled study in 2003-2004 in irrigated farmland in
Davis, California, USA (7), found more organic matter and phosphorus in soils with no
tillage, compared to conventional tillage. Tillage had inconsistent effects on potassium.
Organic matter: More carbon was found in soils with no tillage, compared to
conventional tillage, in one of two comparisons (in rotations with fallows: 4 vs 3.8 kg total
C/m?2). Nutrients: Similar amounts of nitrogen were found in plots with no tillage or
conventional tillage (450-460 g total N/m?). More potassium was found in soils with no
tillage, compared to conventional tillage, in two of six comparisons (10.3-12.9 vs 6-7.7
mg K/litre), but less was found in one of twelve comparisons (4.8 vs 6.3 mg/L). More
phosphorous was found in plots with no tillage, compared to conventional tillage, in one
of six comparisons (27 vs 19 mg P/kg soil). Similar pH levels were found in soils with no
tillage or conventional tillage (pH 6.8-7.3). Soil organisms: Similar amounts of microbial
and nematode biomass (both measured as carbon) were found in plots with no tillage or
conventional tillage (60-80 vs 60 g microbial C/m?; 0.1-0.2 vs 0.2-0.25 g nematode
C/m?2). Methods: No tillage or conventional tillage was used on six plots each (67 x 4.7 m
plots, three beds/plot). Crop residues were incorporated to 20 cm depth, and the beds
were shaped, on plots with conventional tillage (disk, lister, and ring roller). Crop
residues were flail mown and spread on the plots with no tillage. All plots were fertilized
in 2003, but not thereafter (112 kg P/ha phosphorous, 50 kg NPK/ha, and 67 kg N/ha).
Cultivation was used to control weeds on plots with conventional tillage. Hand weeding
was used on plots with no tillage. Herbicide was used on all plots. Some plots were
irrigated. Soil samples were collected in December 2003, and June, September, and
December 2004 (0-30 cm depth, three samples/plot).

A replicated, randomized, controlled study in 2002-2004 in an irrigated maize field
in southwest Spain (8) found less nitrogen and more microorganisms in soils with no
tillage, compared to conventional tillage. Tillage had inconsistent effects on soil stability.
Nutrients: Less nitrogen was found in soils with no tillage, compared to conventional
tillage, in one of nine comparisons (0-5 cm depth, in 2002: 0.11 vs 0.12 g total N/kg soil).
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Soil erosion and aggregation: Lower stability was found in soils with no tillage,
compared to conventional tillage, in two of nine comparisons (0-10 cm depth, in 2002:
31-35% vs 48-58% of aggregates were stable), but higher stability was found in two of
nine comparisons (0-10 cm depth, in 2004: 61-69% vs 41-58%). Soil organisms: More
microorganisms were found in soils with no tillage, compared to conventional tillage, in
one of three years (0-5 cm depth, in 2004: 437 vs 261 colony forming units/g dry soil).
Methods: Conventional tillage or no tillage was used on four plots each (20 x 10 m plots).
A mouldboard plough (0-30 cm depth, in October 2001-2003 and March and April 2002-
2004) was used for conventional tillage, and maize residues were burned in September-
October 2002-2004. Herbicide was used for no tillage (April and May-June 2002-2004),
and maize residues were not burned. For organic carbon, nitrogen, and aggregate
stability, soil samples were collected in March, June, and October 2002-2004 (three
samples/plot, 0-30 cm depth). For microorganisms, soils samples were collected every
two months (0-5 cm depth). It was not clear whether these results were a direct effect of
tillage or residue burning.

A replicated, randomized, controlled study in 1982-2003 in a rainfed wheat-
sunflower-legume field near Seville, Spain (9), found more phosphorus in soils with no
tillage, compared to conventional tillage. Nutrients: More phosphorus was found in soils
with no tillage, compared to conventional tillage (1,528 vs 776 mg phosphorus/kg soil).
Methods: No tillage or conventional tillage was used on four plots each (180 x 15 m
plots), in 1983-2003. Crop residues were burned, and a mouldboard plough (50 cm
depth, once every three years, in summer) and a cultivator (15 cm depth, before seeds
were sown) were used, for conventional tillage. Herbicide and a double-disk planter were
used for no tillage. Fertilizer was used on wheat crops. Soil samples were collected in
September 2003 (15 subsamples/plot, 5 cm depth).

A replicated, randomized, controlled study in 2002-2005 on three rainfed farms in
the Ebro river valley, Spain (10) (same study as (5)), found less greenhouse gas in soils
with no tillage, compared to conventional tillage. Greenhouse gases: Less carbon dioxide
was found in soils with no tillage, compared to conventional tillage, in three of 13
comparisons (0.27-0.85 vs 0.54-1.19 g CO2/m?/hour). Methods: No tillage or
conventional tillage was used on ten plots each (Pefiaflor: three plots each, 33 x 10 m
plots; Agramunt: four plots each, 9 x 50 m plots; Selvanera: three plots each, 7 x 50 m
plots). In Penaflor, a mouldboard plough (30-40 cm depth) and a cultivator (10-15 cm
depth) were used for conventional tillage. In Agramunt, a mouldboard plough (25-30 cm
depth) and a cultivator (15 cm depth) were used for conventional tillage. In Selvanera, a
subsoil plough (40 cm depth) and a cultivator (15 cm depth) were used for conventional
tillage. Herbicide and a seed drill were used for no tillage. Carbon dioxide samples were
collected from December 2002 (Pefaflor, twice/month) or December 2003 (Agramunt
and Selvanera, once/month) to June 2005, with an open chamber (900 mL
airflow/minute, 21 cm diameter).

A replicated, randomized, controlled study in 2003-2004 in rainfed farmland in the
Ebro river valley, Spain (11), found more stable soils in plots with no tillage, compared to
conventional tillage. Soil erosion and aggregation: More large aggregates were found
in soils with no tillage, compared to conventional tillage (in Selvanera, 0-20 cm depth,
aggregates >2,000 pm: 0.17-0.37 vs 0.06-0.15 g aggregate/g soil). More large water-
stable aggregates were also found in soils with no tillage, compared to conventional
tillage, in four of six comparisons (in Pefiaflor, 0-10 cm depth, water-stable aggregates
>2,000 pm: 0.08-0.15 vs 0.01-0.03 g aggregate/g soil). Methods: No tillage or
conventional tillage was used on six plots each (three in Selvanera, 7 x 50 m each; three

141



in Pefiaflor, 10 x 33 m each). Herbicide was used for no tillage. In Selvanera, a subsoil
plough (50 cm depth) and a cultivator (15 cm depth) were used for conventional tillage.
In Pefiaflor, a mouldboard plough was used for conventional tillage (30-35 cm depth).
Soil samples were collected with a flat spade (0-20 cm depth) in July 2003 and 2004.

A replicated site comparison in 2004-2005 in 11 irrigated tomato fields in the
Sacramento Valley, California, USA (12), found more earthworms, more carbon and
nitrogen, and greater soil aggregation in soils with no tillage, compared to tillage. Organic
matter: More carbon was found in soils with no tillage, compared to tilled fallows (1.6
times as much total carbon). Nutrients: More nitrogen was found in soils with no tillage,
compared to tilled fallows (1.5 times as much total nitrogen). Soil organisms: More
earthworms, and larger earthworms, were found in soils with no tillage, compared to
tilled fallows (85 vs 19 g earthworms/m? 2.9 times larger). Soil erosion and
aggregation: Greater aggregation was found in soils with no tillage, compared to tilled
fallows (larger mean weight diameter; data presented as model results). Methods:
Earthworms were collected from 11 tomato fields (four fields that were tilled,
incorporating the tomato residues into the soil, and seven fields that were not tilled,
retaining the tomato residues as mulch), in three 30 cm3 soil pits/field, in February-April
2005. Organic matter and nutrients were measured in horizontal soil cores, collected
from the walls of the soil pits (0-15 cm length). All fields were tilled in 2004, after the
tomatoes were harvested. All fields were fertilized and irrigated.

A replicated, randomized, controlled study in 1990-2006 in two rainfed barley fields
in Spain (13) (same study as (33,38)) found that tillage had inconsistent effects on soil
organisms. Soil organisms: More microbial biomass (measured as carbon) was found in
soils with no tillage, compared to conventional tillage, in three of six comparisons (0-5
cm depth in Lleida and Zaragoza, and 5-10 cm depth in Lleida: 130-370 vs 100-230 mg
C/kg dry soil), but less microbial biomass was found in one of six comparisons (10-25 cm
depth, in Zaragoza: 70 vs 110). Methods: No tillage or conventional tillage was used on
nine plots each in Lleida province (50 x 6 m plots, established in 1996) and six plots each
in Zaragoza province (33.5 x 10 m plots, established in 1990). A mouldboard plough (25-
40 cm depth) and a cultivator (10-15 cm depth, 1-2 passes) were used for conventional
tillage. A seed drill and herbicide were used for no tillage. Soil samples were collected in
March 2006 (0-25 cm depth).

A replicated, randomized, controlled study in 2005-2008 on two rainfed wheat-
sunflower-pea fields near Seville, Spain (14) (same study as (15)), found similar amounts
of microbial biomass in soils with no tillage or conventional tillage. Soil organisms:
Similar amounts of microbial biomass (measured as carbon) were found in soils with no
tillage or conventional tillage (291-791 vs 127-472 mg C/kg soil). Methods: No tillage
or conventional tillage was used on three plots each (200 m2 each). A mouldboard plough
(25-30 cm depth), a cultivator (15-20 cm, 2-3 passes), and a disk harrow (15 cm) were
used on plots with conventional tillage. Herbicides and a seed drill were used on plots
with no tillage. Wheat, sunflowers, and peas were grown in rotation. Wheat was fertilized,
but sunflowers and peas were not. Soil samples were collected in March and July 2008
(three samples/plot, 0-20 cm depth).

A replicated, randomized, controlled study in 1982-2008 on a rainfed wheat-
sunflower-legume field near Seville, Spain (15) (same study as (14)), found similar
amounts of microbial biomass in soils with no tillage or conventional tillage. Soil
organisms: Similar amounts of microbial biomass (measured as carbon) were found in
soils with no tillage or conventional tillage (272-766 vs 314-378 mg C/kg soil). Methods:
No tillage or conventional tillage was used on three plots each (15 x 18 m). A mouldboard
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plough and a cultivator (depths not reported) were used for conventional tillage, and crop
residues were burned. A seed drill and herbicide were used for no tillage, and crop
residues were retained. Herbicide was used on all plots. Wheat, sunflowers, and legumes
were grown in rotation. Wheat was fertilized, but sunflowers and legumes were not. Soil
samples were collected in March 2008 (three samples/plot, 400 g/soil core, 0-20 cm
depth).

A replicated, controlled study in 1993-2006 in an irrigated tomato-corn field in
Davis, California, USA (16), found similar numbers of soil organisms, but different
communities of soil organisms, in soils with no tillage, compared to conventional tillage.
Soil organisms: Similar numbers of mites and nematodes were found in soils with no
tillage or conventional tillage (822 vs 797 individuals/100 g fresh soil). However, the
composition of nematode and mite communities differed between soils with no tillage or
conventional tillage (reported as distance in multivariate space). Methods: No tillage or
conventional tillage was used on three plots each (conventional tillage: 0.4 ha plots; no
tillage: 3 m2 microplots). Plots with conventional tillage were tilled about five times/year
(depth not reported). Plots with no tillage were hand weeded. All plots were irrigated.
Half of the plots were fertilized, and compost was added to the other half. Soil samples
were collected eight times in March 2005-November 2006 (three samples/plot). Mites
were sampled with soil cores (5 cm diameter, 10 cm depth). Nematodes were sampled in
soil cubes (20 x 20 x 20 cm).

A replicated, randomized, controlled study in 1996-2008 in a rainfed barley field in
the Ebro river valley, Spain (17) (same study as (4,23,24,26)), found more greenhouse
gas in soils with no tillage, compared to conventional tillage. Greenhouse gases: More
carbon dioxide was found in soils with no tillage, compared to conventional tillage
(amounts of carbon dioxide not reported). Methods: No tillage or conventional tillage
was used on nine plots each (50 x 6 m). A mouldboard plough or a disk plough was used
for conventional tillage (25-30 cm depth, 100% incorporation of crop residues). Two-
thirds of the plots were fertilized (60 or 120 kg N/ha). Greenhouse gas was sampled in
2005-2008 (two samples/plot, open chamber, 21 cm diameter, 900 mL airflow/minute,
several samples within two days before and after tillage).

Areplicated, randomized, controlled study in 2003-2005 in an occasionally irrigated
oat field in Portugal (18) found less organic matter and phosphorus, lower pH, and fewer
fungal colonies in plots with no tillage, compared to tillage. Organic matter: Less organic
carbon was found in soils with no tillage, compared to tillage, in three of four comparisons
(5.6-6.2 vs 6.0-7.7 g organic C/kg soil). Nutrients: Similar amounts of nitrogen were
found in plots with or without tillage (30-45 mg mineral N/kg soil). Less phosphorus was
found in soils with no tillage, compared to tillage, in three of four comparisons (47-70 vs
75-81 mg extractable P/kg soil). Lower pH levels were found in soils with no tillage,
compared to tillage, in two of four comparisons (pH 5.5 vs 5.7-5.8). Soil organisms: More
fungal colonies were found in plots with no tillage, compared to tillage (2004-2005: 3.6
vs 4.5 colonies/mg soil). Methods: Tillage or no tillage was used on four plots each (400
m? plots). A disk plough was used for tillage (two passes, 15 cm depth). The plots were
intercropped with oats and Lupinus albus lupins in 2003-2004 (residues were retained,
and incorporated into the soil in the plots with tillage) and oats were grown in
monoculture in 2004-2005. The plots were fertilized in 2003-2004 (60 kg P/ha; 100 kg
N/ha), but not in 2004-2005. Soils samples were collected in October, November,
January, March, May, and July each year (15 cm depth, 15 samples/plot).

A replicated, randomized, controlled study in 1994-2007 in a rainfed wheat field
near Madrid, Spain (19) (same study as (6,37,39)), found more organic matter and higher
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stability in soils with no tillage, compared to conventional tillage. Organic matter: More
organic carbon was found in soils with no tillage, compared to conventional tillage, in two
of four comparisons (0-7.5 cm depth: 45% more organic carbon). Soil erosion and
aggregation: Higher stability was found in soils with no tillage, compared to
conventional tillage, in one of four comparisons (0-7.5 cm depth, October 2007: 63% vs
38% of aggregates were water-stable). Methods: No tillage or conventional tillage was
used on eight plots each (10 x 25 m plots), in autumn 1994-2007. A mouldboard plough
(20 cm depth) and a cultivator were used for conventional tillage. Herbicide and direct
seeding were used for no tillage. All plots were fertilized. Soil samples were collected after
the seedbeds were prepared (three samples/plot, 0-15 cm depth), in November 2006
and October 2007.

A replicated, randomized, controlled before-and-after study in 1993-2008 in a
rainfed wheat-maize-wheat-sunflower field in central Italy (20) found more organic
matter and nitrogen in soils with no tillage, compared to conventional tillage. Organic
matter: After 15 years, more carbon was found in soils with no tillage, compared to
conventional tillage, at one of two depths (0-10 cm depth, in 2008: 16 vs 11 g C/kg soil),
and carbon increased over time (0-30 cm depth, from 1993 to 2008: 9% increase vs 1%
decrease in C/ha). Nutrients: More nitrogen was found in soils with no tillage, compared
to conventional tillage, at one of two depths (0-10 cm depth, in 2008: 1.7 vs 1.2 g total
N/kg soil), and nitrogen increased over time (0-30 cm depth, from 1993 to 2008: 0.6%
increase vs 0.5% decrease in N/ha). Methods: No tillage or conventional tillage was used
on 64 plots each (21 x 11 m sub-sub-plots). A mouldboard plough was used for
conventional tillage (30-35 cm depth), and crop residues were incorporated into the soil.
Pre-emergence herbicide was used for no tillage, and crop residues were mulched onto
the surface. Post-emergence herbicide and fertilizer were used on all plots. Some plots
had winter cover crops. Soil cores were collected in 1993, 1998, and 2008 for nutrients
and organic matter (0-30 cm depth; two samples/plot in September).

A replicated, randomized, controlled study in 1986-2008 in a rainfed wheat field in
southern Spain (21) (same study as (27)) found more organic matter and nitrogen in soils
with no tillage, compared to conventional tillage. Organic matter: More organic carbon
was found in soils with no tillage, compared to conventional tillage, in two of five
comparisons (772-815 vs 684-699 g/m?). Nutrients: More nitrogen was found in soils
with no tillage, compared to conventional tillage, in 10 of 20 comparisons (50-180 vs 30-
150 g total N/m?2). Methods: No tillage or conventional tillage was used on three plots
each (five subplots/plot, 10 x 5 m subplots, with different wheat rotations). Mouldboard
ploughing, disk harrowing, and/or vibrating tine cultivation was used for conventional
tillage (depth not reported). Pre-emergence herbicide was used for no tillage. The wheat
phase was fertilized with nitrogen in some sub-subplots (0-150 kg N/ha/year) and
phosphorus in all plots (65 kg P/ha/year). Crop residues were retained. Soil samples
were collected in October 2008 (0-50 cm depth), before tilling the soil and sowing wheat.

A replicated, randomized, controlled study in 2008-2010 in a rainfed wheat-legume
field in southwest Spain (22) (same study as (28)) found more microbial biomass in soils
with no tillage, compared to conventional tillage, in two of 18 comparisons. Soil
organisms: More microbial biomass (measured as carbon and nitrogen) was found in
soils with no tillage, compared to conventional tillage, in two of 18 comparisons (0-5 cm
depth, in January 2010: 445 vs 263 mg C/kg soil; 31 vs 17 mg N/kg soil). Methods: No
tillage or conventional tillage was used on three plots each (30 x 10 m plots). A
mouldboard plough was used for conventional tillage (25 cm depth). Herbicides and a
seed drill were used for no tillage. All plots were fertilized. Soil samples were collected in
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January 2009, June 2009, and January 2010 (three samples/plot, nine soil cores/sample,
0-25 cm depth). No tillage was used on all plots in 1999-2008.

A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (23) (same study as (4,17,24,26)), found less nitrate in soils
with no tillage, compared to conventional tillage, in one of two comparisons. Nutrients:
Less nitrate was found in soils with no tillage, compared to conventional tillage (270 vs
852 kg N-NOs/ha), but no differences in ammonium were found (amounts of ammonium
not reported). Methods: No tillage or conventional tillage was used on nine plots each
(50 x 6 m plots). A mouldboard plough was used for conventional tillage (25-30 cm depth,
100% incorporation of crop residues), in October or November. A seed drill and herbicide
were used for no tillage. Two-thirds of the plots were fertilized (60 or 120 kg N/ha). Soil
samples were collected when sowing the crop in November 2005-2008 (two
samples/plot, 4 cm diameter soil auger, 0-100 cm depth).

A replicated, randomized, controlled study in 1996-2009 in a rainfed barley field in
the Ebro river valley, Spain (24) (same study as (4,17,23,26)), found that tillage had
inconsistent effects on greenhouse-gas emissions from soils. Greenhouse gases: Higher
carbon dioxide emissions were found in soils with no tillage, compared to conventional
tillage, in three of four comparisons, but lower emissions were found in one of four
comparisons (amounts of carbon dioxide not clearly reported). Methods: No tillage or
conventional tillage was used on nine plots each (50 x 6 m plots). A mouldboard plough
was used for conventional tillage (25-30 cm depth, 100% incorporation of crop
residues). A seed drill and herbicide were used for no tillage. Two-thirds of the plots were
fertilized (60 or 120 kg N/ha). Carbon dioxide was measured with an open chamber (21
cm diameter, 900 mL airflow/minute, 2 samples/plot/day, every 7-14 days, in 2006-
2009).

A meta-analysis in 2013 of studies from multiple Mediterranean countries (25)
found a higher percentage of organic matter in soils with no tillage, compared to
conventional tillage. Organic matter: A higher percentage of organic carbon was found
in soils with no tillage, compared to conventional tillage (in herbaceous crops: 18%
higher). Methods: No tillage included herbicide use. The Web of Knowledge database was
searched, using the keywords, “Mediterranean”, “soil”, and “conventional”, and 33 data
sets from 21 studies of no tillage were found and meta-analysed. The most recent studies
included in this meta-analysis were published in 2011.

A replicated, randomized, controlled study in 1996-2008 in a rainfed barley field in
the Ebro river Valley, Spain (26) (same study as (4,17,23,24,26)), found more organic
matter and more soil organisms in soils with no tillage, compared to conventional tillage.
Organic matter: More organic carbon was found in soils with no tillage, compared to
conventional tillage (9.25 vs 7.39 g C/kg dry soil). Soil organisms: More microbial
biomass (measured as carbon) was found in soils with no tillage, compared to
conventional tillage (295 vs 231 mg C/kg dry soil). Methods: There were nine plots (50
x 6 m) for each of two tillage treatments (no tillage: pre-emergence herbicide;
conventional tillage: mouldboard plough, 25-30 cm depth). Plots were tilled in October
or November. Soils samples were collected in October 2008 (before tillage, three soil
cores/plot, 4 cm diameter, 0-50 cm depth).

A replicated, randomized, controlled study in 1986-2010 in a rainfed wheat field in
southern Spain (27) (same study as (21)) found less nitrate in soils with no tillage,
compared to conventional tillage. Nutrients: Less nitrate was found in plots with no
tillage, compared to conventional tillage (104 vs 112 kg NO3-N/ha). Methods: No tillage
or conventional tillage was used on three plots each (10 x 5 m plots). A mouldboard
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plough, a disk harrow, and/or a vibrating tine cultivator were used for conventional
tillage (depth not reported). A seed drill and pre-emergence herbicide was used for no
tillage. Post-emergence herbicide was used on some subplots (which had different wheat
rotations), and some subplots were fertilized (0-150 kg N/ha/year). Soil samples were
collected before sowing (Eijkelkamp auger, three samples/plot, 0-90 cm depth), in 1993-
2010.

A replicated, randomized, controlled study in 2008-2010 in a rainfed wheat-vetch
field in southwest Spain (28) (same study as (22)) found more organic matter, soil
organisms, and aggregation in soils with no tillage, compared to conventional tillage.
Organic matter: More organic carbon was found in soils with no tillage, compared to
conventional tillage, in three of five comparisons (soil aggregates <1 mm in diameter: 18-
22 vs 13-15 g C/kg soil). Soil organisms: More microbial biomass (measured as carbon)
was found in soils with no tillage, compared to conventional tillage, in three of five
comparisons (in smaller soil aggregates with diameters of 1-2, 0.25-0.5, or <0.5 mm:
504-549 vs 341-346 mg C/kg soil). Soil erosion and aggregation: More large
aggregates were found in soils with no tillage, compared to conventional tillage (2-5 mm
macroaggregates: 31% vs 24% of soil weight), and fewer smaller aggregates were found,
in two of four comparisons (0.5-1 mm aggregates: 21% vs 26% of soil weight). Methods:
No tillage or conventional tillage was used on three plots each (300 m? plots), in 2008-
2009.1In 1999-2008, no tillage was used on all plots. A mouldboard plough (25 cm depth,
in 2008), or a chisel plough (10-15 cm depth, in 2009), and a disk harrow were used for
conventional tillage, and crop residues were removed (in 2008 and 2010). A seed drill
and herbicide were used for no tillage, and crop residues were retained. Soil samples
were collected in October 2010 (0-10 cm depth, five samples/plot). It was not clear
whether these results were a direct effect of tillage or residue removal.

A replicated, randomized, controlled study in 1990-2010 in a winter cereal field in
the Ebro river valley, Spain (29), found more organic matter and greater stability in soils
with no tillage, compared to conventional tillage. The most organic matter and the
greatest stability were found in soils with 11-20 years of no tillage. Organic matter:
More organic carbon was found in soils with no tillage, compared to conventional tillage,
in three of sixteen comparisons (0-5 cm depth: 17-24 vs 12 g C/kg soil). Soil erosion
and aggregation: More water-stable macroaggregates (0.25-8 mm diameter) and fewer
water-stable microaggregates (0.053-0.25 mm diameter) were found in soils with no
tillage, compared to conventional tillage (macroaggregates, in eight of 32 comparisons,
0-10 cm depth: 0.12-0.32 vs 0.02-0.04 g aggregate/g dry soil; microaggregates, in six of
16 comparisons, 0-10 cm depth: 0.25-0.41 vs 0.44-0.50). More large, dry
macroaggregates (2-8 mm diameter) were found in soils with no tillage, compared to
conventional tillage, in three of 16 comparisons (10-20 cm depth: 0.52-0.56 vs 0.38-0.40
g aggregate/g dry soil). Fewer small, dry macroaggregates (0.25-2 mm) were found in
soils with no tillage, compared to conventional tillage, in four of 16 comparisons (10 -30
cm depth: 0.27 - 0.32 vs 0.36-0.41 g aggregate/g dry soil). Implementation options:
More organic carbon was found in soils with 11-20 years of no tillage, compared to 1-4
years, at one of four depths (0-5 cm depth: 24 vs 11-17 g C/kg soil). More large, water-
stable macroaggregates (2-8 mm diameter) were found in soils with 11-20 years of no
tillage, compared to 1-4 years, at one of four depths (0-5 cm depth: 0.30-0.32 vs 0.02-
0.12 g aggregate/g dry soil). More small, water-stable macroaggregates were found in
soils with 4-20 years of no tillage, compared to one year, at one of four depths (0-5 cm
depth: 0.13-0.16 vs 0.04 g aggregate/g dry soil). More large, dry macroaggregates (2-8
mm diameter) and fewer small macroaggregates (0.25-2 mm diameter) were found in
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soils with 4-20 years of no tillage, compared to 0-1 year, at one of four depths (10-20 cm
depth: large: 0.52-0.56 vs 0.38-0.40 g aggregate/g dry soil; small: 0.30-0.32 vs 0.39-
0.41). Methods: No tillage was used on four plots for 1-20 years (beginning in 1990,
1999, 2006, and 2009). Conventional tillage was used on the same four plots, before no
tillage began, and also on one control plot for 20 years (1990-2010). Plots were 1,500
m2. Soil samples were collected in July 2010 with a flat spade (0-30 cm depth).

A replicated, randomized, controlled study in 2009-2012 in two irrigated vegetable
fields in central Italy (30) found more nitrogen in soils with no tillage, compared to
conventional tillage. Nutrients: More nitrate was found in soils with no tillage, compared
to conventional tillage, in three of 12 comparisons (in plots with hairy vetch as a winter
cover crop: 10-16 vs 6-12 mg NO3-N/kg dry soil), and more ammonium was found in one
of 12 comparisons (in plots with hairy vetch as a winter cover crop: 9 vs 4 mg NH4-N/kg
dry soil). Methods: No tillage or conventional tillage was used on nine plots each (6 x 4
m plots). Each plot had a winter cover crop (hairy vetch, oats, or oilseed rape). Cover
crops were sown in September 2009-2010 and suppressed in May 2010-2011. A
mouldboard plough and a disk harrow (two passes) were used for conventional tillage
(incorporating the cover crop residues to 30 cm depth). The cover crop residues were
gathered into strips of mulch (50 cm wide, along crop rows) in plots with no tillage.
Pepper seedlings were transplanted into these plots in May 2010-2011 and were last
harvested in October 2010 and September 2011. After the pepper harvest, endive and
savoy cabbage seedlings were transplanted into these plots, and they were harvested in
December 2010 and November 2011 (endive) or March 2011 and February 2012
(cabbage). No fertilizer was added while the crops were growing, but the plots were
irrigated. Nutrients were measured in soil samples (10 samples/plot, 0-30 cm depth,
when these crops were harvested). It was not clear whether these results were a direct
effect of tillage or mulch.

A replicated, controlled study in 1991-2010 in a rainfed durum wheat field in Sicily,
Italy (31), found more microbial biomass and carbon dioxide in soils with no tillage,
compared to conventional tillage. Organic matter: Similar amounts of organic carbon
were found in soils with no tillage or conventional tillage (20-21 vs 19-21 g C/kg soil).
Nutrients: Similar amounts of nitrogen were found in soils with no tillage or
conventional tillage (1.1-1.3 vs 1-1.4 g total N/kg soil). Soil microbial biomass: More
microbial biomass (measured as carbon) was found in soils with no tillage, compared to
conventional tillage (330-509 vs 208-293 mg C/kg soil). Greenhouse gases: More
carbon dioxide was found in soils with no tillage, compared to conventional tillage (19-
22 vs 14-17 mg C/kg soil/day). Methods: No tillage or conventional tillage was used on
four plots each (18.5 x 20 m plots), with either wheat-faba bean or wheat-wheat
rotations. Fertilizer and herbicide were used on all plots. Ploughing (30 cm depth) and
harrowing (1-2 passes, 10-15 cm depth) were used for conventional tillage. Soil samples
were collected after the harvest, in June 2009 (three samples/plot, 0-15 cm depth).
Carbon dioxide was measured on 36 days in April 2008-April 2009 (closed chambers, 12
measurements/plot, 9-11 am).

A replicated, randomized, controlled study in 2008-2013 in a rainfed wheat-
sunflower-pea field near Seville, Spain (32), found more organic matter and more
nitrogen in soils with no tillage, compared to conventional tillage, in some comparisons.
Organic matter: More organic carbon was found in soils with no tillage, compared to
conventional tillage, at one of three depths (0-5 cm: 11 vs 9 g C/kg soil). Nutrients: More
nitrogen was found in soils with no tillage, compared to conventional tillage, at one of
three depths (0-5 cm: 1.06 vs 0.91 g N/kg soil), but no differences were found in other
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nutrients (0-25 cm: 14.5-25.6 vs 22.2-26.1 g phosphorus/kg soil; 290-508 vs 367-428
g potassium/kg soil). Methods: No tillage or conventional tillage was used on three plots
each (6 x 33.5 m plots). A mouldboard plough (25-30 cm depth), a chisel plough (25 cm
depth, twice/year), and a disk harrow (12 cm depth) were used for conventional tillage.
A seed drill and herbicide were used for no tillage. Wheat, sunflowers, and peas were
grown in rotation. Wheat was fertilized, but sunflowers and peas were not. Soil samples
were collected in October 2012 (0-25 cm depth).

A replicated, randomized, controlled study in 2004-2011 in rainfed wheat-
sunflower-pea fields near Seville, Spain (33) (same study as (13,38)), found more organic
matter in soils with no tillage, compared to conventional tillage. Organic matter: More
organic carbon was found in soils with no tillage, compared to conventional tillage, in one
of three comparisons, in medium-term plots (2004-2011, 0-5 cm depth: 11 vs 9 g C/kg
soil), but no differences were found in short-term plots (2008-2011: 7-10 vs 7-9 g C/kg
soil). Soil organisms: Similar amounts of microbial biomass (measured as carbon) were
found in soils with no tillage or conventional tillage (581-746 vs 604-858 mg C/kg soil).
Methods: No tillage or conventional tillage was used on three plots each (20 x 9 m plots),
in each of two experiments: a short-term experiment (2008-2011), and a medium-term
experiment (2004-2011). A mouldboard plough (25-30 cm depth), a cultivator (15-20
cm depth, two passes), and a disk harrow (15 cm depth) were used for conventional
tillage. A seed drill was used for no tillage, and crop residues were retained (>60% cover).
Soil samples were collected in January 2011 (0-25 cm depth, five samples/plot).

A replicated, randomized, controlled study in 2010-2012 in a rainfed barley field in
northeast Spain (34) found less nitrate and greater stability in soils with no tillage,
compared to conventional tillage. More greenhouse gas was absorbed by soils with no
tillage. Organic matter: Similar amounts of organic matter were found in soils with no
tillage or conventional tillage (6 g C/kg dry macroaggregates). Nutrients: Less nitrate
was found in soils with no tillage, compared to conventional tillage (93 vs 110 mg NOs3-
N/kg dry macroaggregates), but there were similar amounts of ammonium (13 vs 20 mg
NH4-N/kg dry macroaggregates). Soil organisms: Similar amounts of microbial biomass
(measured as carbon and nitrogen) were found in soils with no tillage or conventional
tillage (954 vs 866 mg C/kg soil; 237 vs 228 mg N/kg soil). Soil erosion and
aggregation: More water-stable aggregates were found in soils with no tillage, compared
to conventional tillage, in one of three comparisons (0.2 vs 0.1 g). Greenhouse gases:
More methane was absorbed by soils with no tillage, compared to conventional tillage (-
0.2 vs 0.07 pg/kg macroaggregates/h). Similar carbon-dioxide emissions (1,406 vs 1,334
ng/kg macroaggregates/h) and nitrous-oxide emissions (0.92 vs 0.75 pg/kg
macroaggregates/h) were found in soils with no tillage or conventional tillage. Methods:
No tillage or conventional tillage was used on three plots each (plot size not clearly
reported). Some plots were fertilized (0-150 kg N/ha). A disk plough (20 cm depth) was
used for conventional tillage, in October. Pre-emergence herbicide was used for no tillage.
Soil samples (0-5 cm depth) were collected in March 2012 (greenhouse gases were
measured in soil samples).

Areplicated, randomized, controlled study in 1996-2013 in two rainfed barley fields
in northeast Spain (35) (same study as (36)) found that tillage had inconsistent effects on
greenhouse gases. Organic matter: Similar amounts of organic carbon were found in
soils with no tillage or conventional tillage (short-term field: 96 vs 99 Mg/ha).
Greenhouse gases: More methane was absorbed by soils with no tillage, compared to
conventional tillage, in one of two comparisons (long-term experiment: -2.4 vs -1.1 kg
C/ha), but less was absorbed in one of two comparisons (short-term experiment: -1.1 vs
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-2.7 kg C/ha). More carbon dioxide was emitted from soils with no tillage, compared to
conventional tillage (3,985-4,480 vs 2,611-3,313 kg C/ha). Methods: No tillage or
conventional tillage was used on three plots each, in each of two fields (2010-2013 in the
short-term field, and 1996-2013 in the long-term field; plots size not clearly reported). A
mouldboard plough (25 cm depth) and a cultivator (15 cm depth) were used for
conventional tillage in the long-term field, and a chisel plough was used in the short-term
field (depth not reported), in September-October. For no tillage, the residues were
chopped and spread, and pre-emergence herbicide was used. Some plots were fertilized
(0-150 kg N/ha). Soil samples were collected in June 2013 in the short-term field (0-75
cm depth). Greenhouse-gas samples were collected every 2-3 weeks in 2011-2013, in
the long-term field, and 2011-2012 in the short-term field (closed chambers, 15 mL
samples, 0, 30, and 60 minutes after closing).

Areplicated, randomized, controlled study in 1996-2013 in two rainfed barley fields
in northeast Spain (36) (same study as (35)) found less nitrate in soils with no tillage,
compared to conventional tillage. Tillage had inconsistent effects on greenhouse gases.
Nutrients: Less nitrate was found in soils with no tillage, compared to conventional
tillage, in one of two comparisons (long-term experiment: 36 vs 56 kg/ha), but similar
amounts of ammonium were found (10-11 vs 9-11 kg/ha). Greenhouse gases: More
nitrous oxide was emitted from soils with no tillage, compared to conventional tillage, in
one of two comparisons (short-term experiment: 0.20 vs 0.14 mg N20-N/m2/day). Less
greenhouse gas was emitted, per kilo of barley, in plots with no tillage, compared to
conventional tillage (0.05 vs 0.10 kg CO2 equivalent/kg barley). Methods: No tillage or
conventional tillage was used on three plots each, in each of two fields (2010-2013 in the
short-term field, and 1996-2013 in the long-term field; plots size not clearly reported). A
mouldboard plough (25 cm depth) and a cultivator (15 cm depth) were used for
conventional tillage. For no tillage, the residues were chopped and spread, and pre-
emergence herbicide was used. Some plots were fertilized (0-150 kg N/ha). Soil samples
(0-5 cm depth) and greenhouse-gas samples (closed chambers, 15 mL samples, 0, 30, and
60 minutes after closing), were collected every 2-3 weeks in 2011-2013.

A replicated, randomized, controlled study in 1994-2013 in a rainfed wheat field
near Madrid, Spain (37) (same study as (6,19,39)), found that tillage had inconsistent
effects on organic matter, soil organisms, and greenhouse gases. Organic matter: More
organic carbon was found in soils with no tillage, compared to conventional tillage, in
seven of 12 comparisons (9-13 vs 6 g organic C/kg soil), but less was found in one of 12
comparisons (6 vs 5 g). Soil organisms: More microbial biomass (measured as carbon)
was found in soils with no tillage, compared to conventional tillage, in six of 12
comparisons (390-750 vs 200-300 mg C/kg soil), but less was found in one of 12
comparisons (200 vs 300 mg). Greenhouse gases: More carbon dioxide was found in
soils with no tillage, compared to conventional tillage, in six of 12 comparisons (40-60 vs
20-30 mg CO2-C/kg soil/d), but less was found in one of 12 comparisons (18 vs 22 mg).
Methods: No tillage or conventional tillage was used on four plots each (in which a total
of 24 subplots, 10 x 25 m each, were used for this study). A mouldboard plough was used
for conventional tillage (25 cm depth). Pre-emergence herbicide was used for no tillage.
The subplots had wheat monocultures or fallow-wheat-vetch-barley rotations. The
cereals were fertilized (NPK, 200 kg/ha, twice/year, in October and March). The crop
residues were shredded and retained. Soil samples were collected in October 2010, April
2011, November 2011, May 2012, October 2012 and April 2013 (50 mm diameter, 0-15
cm depth).
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A replicated, randomized, controlled study in 2004-2010 in rainfed wheat-
sunflower-pea fields near Seville, Spain (38) (same study as (13,33)), found more organic
matter and more soil aggregation in soils with no tillage, compared to conventional
tillage. Organic matter: More organic carbon was found in soils with no tillage, compared
to conventional tillage, in four of ten comparisons (6-10 vs 5-6 g C/kg soil). Soil
organisms: Similar amounts of microbial biomass (measured as carbon) were found in
soils with no tillage or conventional tillage (20-75 vs 27-87 g microbial C/kg organic C).
Soil erosion and aggregation: More large aggregates were found in soils with no tillage,
compared to conventional tillage, in autumn, in one of two comparisons (1-2 mm
aggregates: 20 vs 17% of soil weight), and fewer small aggregates were found in autumn,
in one of three comparisons (<0.25 mm aggregates: 15 vs 21% of soil weight). However,
no differences in aggregate distributions were found in spring (data reported for five
aggregate sizes). Methods: No tillage or conventional tillage was used on three plots each
(200 m? plots). A mouldboard plough (25-30 cm depth), a cultivator (15-20 cm depth,
two passes), and a disk harrow (15 cm depth) were used for conventional tillage. A seed
drill and pre-emergence herbicide were used for no tillage, and crop residues were
retained (>60% cover). Wheat, sunflowers, and peas were grown in rotation. Wheat was
fertilized, but sunflowers and peas were not. Soil samples were collected in spring and
autumn 2010 (0-10 cm depth, five samples/plot).

A replicated, randomized, controlled study in 1994-2011 in a rainfed cereal-legume
field near Madrid, Spain (39) (same study as (6,19,37)), found more organic matter and
more soil organisms in soils with no tillage, compared to conventional tillage. Organic
matter: More organic carbon was found in soils with no tillage, compared to conventional
tillage (30.2 vs 11.2 mg dissolved organic C/kg soil). Nutrients: Similar amounts of
nitrate and ammonium were found in soils with no tillage, compared to conventional
tillage (1-18 mg NO3-N/ha; 0.2-3.5 mg NHs-N/kg). Soil organisms: More microbial
biomass (measured as carbon) was found in soils with no tillage, compared to
conventional tillage (304 vs 94 mg C/kg soil), but there were similar amounts of bacteria
(denitrifying bacteria: 106 gene copies). Greenhouse gases: Similar nitrous-oxide and
methane emissions were found in soils with no tillage or conventional tillage (0.05 kg
N20-N/ha; -137 vs -231 g CH4-C/ha). Methods: No tillage or conventional tillage was
used on three plots each (10 x 25 m). A mouldboard plough and a cultivator were used
for conventional tillage (20 cm depth) in October. A seed drill and herbicide were used
for no tillage. Soil and greenhouse-gas samples were collected 1-12 times/month, in
November 2010-October 2011 (soil cores: 0-15 cm depth, 2.5 cm diameter; closed
chambers: 19.3 cm height, 35.6 cm diameter, 20 mL gas samples, 0-60 minutes after
closing).

A replicated, randomized, controlled study in 2009-2011 in an irrigated eggplant
field in central Italy (40) found more nitrogen in soils with no tillage, compared to
conventional tillage. Nutrients: More nitrogen was found in soils with no tillage,
compared to conventional tillage, in one of four comparisons (37 vs 24 mg inorganic N/kg
dry soil). Methods: A mouldboard plough (30 cm depth) was used on all plots in autumn,
before winter cover crops were planted. Cover crops were mown or chopped in spring,
before tillage. No tillage or conventional tillage was used on 12 plots each (6 x 4 m plots).
A mouldboard plough (30 cm depth) and a disk (two passes) were used for conventional
tillage (which incorporated the cover crop residues into the soil). Cover crop residues
were mulched and herbicide was used for no tillage. Eggplant seedlings were
transplanted into the plots in May, and fruits were harvested four times/year in July-
September 2010-2011. Soil samples were collected when the seedlings were
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transplanted and when the last fruits were harvested each year (0-30 cm depth, six
samples/plot). All plots were fertilized before the cover crops were grown, but not after.
All plots were irrigated. It was not clear whether these results were a direct effect of cover
crops or tillage.
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Use no tillage instead of reduced tillage: Soil (20 studies)

Organic matter (6 studies): Three replicated, randomized, controlled studies from Spain'216.19
found more organic matter in soils with no tillage, compared to reduced tillage, in some
comparisons'® or all comparisons'219, Three replicated, randomized, controlled studies from
Spain?13.18 found similar amounts of organic matter in soils with no tillage, compared to reduced
tillage. No studies found less organic matter in soils with no tillage, compared to reduced tillage.

Nutrients (7 studies)

o Nitrogen (6 studies): Three replicated, randomized, controlled studies from Italy and
Spain215.20 found more nitrogen in soils with no tillage, compared to reduced tillage, in
some comparisons. Two of these studies2'® also found less nitrogen in some
comparisons. One replicated, randomized, controlled study from Spain'! found less
nitrogen in soils with no tillage, compared to reduced tillage, in some comparisons. Two
replicated, randomized, controlled studies from Spain'61® found similar amounts of
nitrogen in soils with no tillage, compared to reduced tillage.

o Phosphorus (2 studies): One replicated, randomized, controlled study from Spain# found
more phosphorus in soils with no tillage, compared to reduced tillage. One replicated,
randomized, controlled study from Spain'6 found similar amounts of phosphorus in soils
with no tillage or reduced tillage. No studies found less phosphorus in soils with no tillage,
compared to reduced tillage.

o Potassium (1 study): One replicated, randomized, controlled study from Spain'¢ found
similar amounts of potassium in soils with no tillage or reduced tillage. No studies found
less potassium in soils with no tillage, compared to reduced tillage.

Soil organisms (8 studies)

o Microbial biomass (6 studies): Five replicated, randomized, controlled studies from
Spain found similar amounts of microbial biomass in soils with no tillage or reduced
tillage10.12.13.1819 One replicated, randomized, controlled study from Spainé found more
microbial biomass in soils with no tillage, compared to reduced tillage, in some
comparisons, but found less in some comparisons.

o Bacteria (1 study): One replicated, randomized, controlled study from Spain'® found
fewer denitrifying bacteria in soils with no tillage, compared to reduced tillage.

o Other soil organisms (2 studies): One replicated, controlled study from the USA” found
similar numbers of mites and nematodes, but different communities of mites and
nematodes, in soils with no tillage, compared to reduced tillage. One replicated,
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randomized, controlled study from Spain'4 found more mites in soils with no tillage,
compared to reduced tillage.

e Soil erosion and aggregation (4 studies): One replicated, randomized, controlled study from
Spain® found more large aggregates in soils with no tillage, compared to reduced tillage, in some
comparisons. One replicated, randomized, controlled study from ltaly'3 found similar aggregates
in soils with no tillage or reduced tillage. One replicated, randomized, controlled study from
Spain' found higher water-stability in soils with no tillage, compared to reduced tillage, in some
comparisons, but found lower water-stability in some comparisons. One replicated, randomized,
controlled study from Spain® found similar water-stability in soils with no tillage or reduced tillage.

e Greenhouse gases (4 studies): Two replicated, randomized, controlled studies from Spain3.1®
found less greenhouse gas in soils with no tillage, compared to reduced tillage, in some
comparisons. Two replicated, randomized, controlled studies from Australia and Spain®'7 found
similar amounts of greenhouse gas in soils with no tillage or reduced tillage.

A replicated, randomized, controlled study in 1983-1996 in a rainfed wheat field in the
Henares river valley, Spain (1), found that tillage had inconsistent effects on soil stability.
Soil erosion and aggregation: Lower soil stability was found in plots with no tillage,
compared to reduced tillage, in one of four comparisons (1-2 mm pre-wetted soil
aggregates: 76.3 vs 77.8% water stable), but higher stability was found in two of four
comparisons (1-2 mm air-dried soil aggregates: 11.0 vs 3.5% water stable; 4.38 mm air-
dried soil aggregates: 12 vs 2%). Methods: No tillage or reduced tillage was used on four
plots each. Each plot had two subplots (20 x 30 m, with or without crop rotation). A chisel
plough (20 cm depth, in autumn) and a tine cultivator (10-15 cm depth, two passes, in
spring) were used for reduced tillage. A seed drill and pre-emergence herbicide were
used for no tillage. Fertilizer and post-emergence herbicide were used on all plots. Soil
samples were collected in June or July 1996 (0-30 cm, four samples/subplot).

A replicated, randomized, controlled study in 1996-1999 in three rainfed barley
fields in the Ebro river valley, Spain (2) (same study as (8,11,12)), found that tillage had
inconsistent effects on nitrogen in soils. Nutrients: Less nitrogen was found in soils with
no tillage, compared to reduced tillage, in one of nine comparisons (128 vs 176 kg/ha),
but more nitrogen was found in one of nine comparisons (165 vs 125 kg/ha). Methods:
No tillage or reduced tillage was used on 27 plots each (50 x 6 m plots). A cultivator (10-
15 cm depth, 1-2 passes) was used for reduced tillage, in September. Herbicide was used
for no tillage. Two-thirds of the plots were fertilized (50-75 or 100-150 kg N/ha). Barley
was sown, with a seed drill, in October-November (month of harvest not reported). Soil
samples were collected four times/year (0-50 cm in two of three fields, 0-100 cm in one
field, two soil cores/plot).

A replicated, randomized, controlled study in 2003-2005 on rainfed farms in the
Ebro river valley, Spain (3), found less greenhouse gas in soils with no tillage, compared
to reduced tillage. Greenhouse gases: Less carbon dioxide was found in soils with no
tillage, compared to reduced tillage, in six of 20 comparisons, in the two days after tillage
(0.1-0.6 vs 0.1-6.4 g CO2/m?/hour). Methods: No tillage or reduced tillage was used on
seven plots each (33-50 x 7-10 m plots), on a total of two farms, with multiple crops. A
cultivator (15 cm depth) or chisel plough (25-30 cm depth) was used for reduced tillage.
Herbicide was used for no tillage. Carbon dioxide was measured with a dynamic chamber
(21 cm diameter, 900 mL airflow/minute, two samples/plot), 4-6 times in the 48 hours
after tillage.
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A replicated, randomized, controlled study in 1982-2003 in a rainfed wheat-
sunflower-legume field near Seville, Spain (4), found more phosphorus in soils with no
tillage, compared to reduced tillage. Nutrients: More phosphorus was found in soils with
no tillage, compared to reduced tillage (1,528 vs 961 mg phosphorus/kg soil). Methods:
No tillage or reduced tillage was used on four plots each (180 x 15 m plots), in 1983-
2003. A cultivator (15 cm depth, before seeds were sown) was used for reduced tillage.
Herbicide and a double-disk planter were used for no tillage. Fertilizer was used on wheat
crops. Soil sa