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ABSTRACT

Rice farming today is faced with several agronomic and environmental challenges related to the intensification
of crop production. At the same time, improved agricultural management practices can lead to or enhance the
different benefits that rice- agroecosystems can provide. This analysis has set out to identify those sustainable
farm management practices that offer the best options to reduce environmental impacts and increase ecosystem
benefits from rice farming. Be it the growth of rice yields and the provision of a diversified diet, the arresting of
soil depletion, the reduction in water use, or the mitigation of climate change — deciding on how to reach these
different management objectives is likely to require the negotiation of trade-offs, but might also offer some
options for synergies. Results of this study are to inform this process.

This research paper feeds into The Economics of Ecosystems and Biodiversity (TEEB) global initiative for
Agriculture and Food on rice production. The TEEB programme is focused on drawing attention to the economic
benefits of biodiversity and ecosystem services including the growing cost of biodiversity loss and ecosystem
degradation. TEEB presents an approach that can help decision-makers recognize, demonstrate and capture the
values of ecosystem services & biodiversity. The initiative has recently set out to assess the agricultural sector in
this regard, in order to demonstrate that the economic environment in which farmers operate is distorted by
significant externalities, both negative and positive, and that there is a lack of awareness of dependency on
natural capital.

At the center of this research are five county studies — Cambodia, Philippines, Senegal, Costa Rica and California.
The study applied a vote-counting analysis to synthesize the results from all five country studies. The final
outcome is a statistical review of primary research, i.e. peer reviewed literature, on the effects of different
agricultural management practices on different environmental, agronomic and ecosystem variables. The analysis
presents the results of about 100 published studies from these five countries/regions that have examined the
effect of at least one treatment comparison on at least one response variable, totaling more than 1500 data
points and 750 interactions. These interactions either show an increase, a decrease or no effect in the strength
or frequency of the interaction.

The vote-counting analysis complements a narrative report developed within this project, and constitutes a
sound basis for the biophysical and monetary valuations conducted for the TEEB Agriculture and Food rice study.
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1. INTRODUCTION

Rice farming today is faced with several agronomic and environmental challenges related to the intensification
of crop production. Deceleration in the growth of rice yields, soil depletion, growing water use, increasing water
and air pollution as well as climate change are some of the biggest areas of concern. Tackling them at the same
time is likely to require negotiating trade-offs, and making management decisions that need to be weighted
carefully in order to reduce environmental impact, on the one hand, while maintaining or increasing yields and
contributions to food security on the other (see table 1 for different management objectives).! This study has
therefore set out to identify those sustainable farm management practices that offer the best options to reach
synergies, and reduce trade-offs among different management objectives.

Table 1. Rice farming management objectives considered in this study

Increase rice yields

Maintain or increase water quality

Reduce water use

Reduce air pollution

Reduce greenhouse gas emissions

Provide habitat for aquatic species to increase food provision and dietary diversity, for wild
biodiversity, ecosystem functioning and space for recreational activities

Regulate nutrient cycling and improve soil fertility

8. Prevent or reduce risk of pest and disease outbreaks

ounsEwLNRE

N

RICE TYPOLOGIES
The analysis makes a distinction between the three most common rice growing environments: irrigated lowland,
rainfed lowland, rainfed upland systems.

Primary Rice Production Ecosystems
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IRRI 2011
Figure 1. Global map of different rice production systems, showing the considerable extent of irrigated rice (blue).
Source: IRRI, 2009.

While these environments — which are sometimes also called production systems — are grouped according to
similar environmental conditions, each is still characterized by a high degree of socio-economic and
environmental heterogeneity, and the management practices applied within each farm or experimental site are
therefore very context specific.

1 This vote counting analysis complements the narrative report of the TEEB rice study. Please refer to it for more background
information.



This study has focused on practices related to rice production. The analysis therefore starts with the pre-planting
phase, continues with the growing phase, and ends with the rice harvesting phase. While each rice growing
environment contains the same practice categories, there are important differences between the three systems
in terms of practices and environmental impacts, which are reflected in this analysis.

A. IRRIGATED LOWLANDS

Irrigated lowland rice constitutes around 75% of rice production yield globally and covers between 55 and 60 %
of the global rice production area (see Fig. 1). Lowland irrigated rice can be highly productive, with the potential
to produce two or three crops per year and yields averaging 4.9 t ha™! but attaining upwards of 11 t ha™ for
example in California. Application of water to the crop can depend on a number of factors, including water
sources and availability, water distribution infrastructure and climate. In terms of temporal application, irrigation
water can be used to augment rain sourced water during the rainy season, or can be applied only in the dry
season. A major feature of irrigated rice is that the rice production land is flooded permanently during the
growing phase, or for most of the year.

B. RAINFED LOWLAND

Rainfed lowland rice constitutes around 20 % of global rice production yields and around 30 % of the global rice
production area. Systems lack irrigation and associated water control, and therefore are more prone to both
flooding and drought (Jongdee et al. 2006). In these contexts, productivity is largely determined by the timing,
frequency and amount of rainfall in the system (Saleh and Bhuiyan, 1995). Average yields of rainfed lowland rice
are less than half that of irrigated lowland systems averaging 1.9 t ha* (Pandey, in Ladha et al 1998). In addition
to water availability, yields are also determined by topography and soil fertility, and can be highly variable across
small spatial scales (Wade et al 1999). Another constraint on yield is that rainfall seasonality may restrict farmers
to growing only one crop per year (IRRI, 2014).

C. RAINFED UPLAND

Permanent upland rice production is mainly practiced by low-income farmers and is characterized by farming
without bunds on typically sloping terrain. Permanent upland rice produces less than 5 % of global yields on
around 10 % of the global rice production area. In general, this is the lowest yielding rice system with yields
averaging 1.5t ha, with drought stress being a major constraint on production (Bernier et al 2008), as an
unbunded field system is entirely dependent on rainfall (Javier 1997). Low yields of upland rice are driving the
development and distribution of drought resistant, high yielding varieties in order to improve upland production
(Atlin et al 2006). Upland rice is the most diverse in terms of varieties, reflecting the wide range of environmental
conditions and soil types under which it is grown, and can be part of a shifting cultivation or permanent
cultivation system (Javier 1997). Shifting rice cultivation often involves intercropping with other crops, such as
maize, cassava, cucumber, watermelon, eggplant and beans (Makara et al 2001). Constraints to upland rice
production are many, including weeds, soil erosion, soil nutrient loss, fungal diseases and pests such as wild
pigeons, pigs and rats (Javier 1997; Makara et al 2001).

Table 2. Percentage of rice growing environments in the five case study countries/regions — Philippines, Cambodia, Senegal,
Costa Rica and California.

Irrigated lowland Rainfed lowland Rainfed upland Other

Philippines
Cambodia
Senegal
Costa Rica
California




2. ASSUMPTIONS

Our analysis tests various assumptions with regards to the effects of different rice management practices and
systems. While we expect some differences amongst different rice growing environments and contexts, the
assumptions are based on general trends that we expect to verify. We utilize a vote counting approach as further
explained in the methodology section.

Assumption 1: Conventional pest management depends on pesticide use and leads to water contamination and
aquatic habitat degradation. We assume that there will be no effect on rice yield. Alternative pest management
practices, on the other hand, reduce or eliminate water contamination and therefore provide habitat to wild
biodiversity. Cultural practices may include a change of planting time, crop rotations, the introduction of trap
crops, or flooding of rice residues. Genetic means of pest control involves the planting of pest and disease
resistant rice varieties, or varietal mixtures. Biological control is based on the deliberate introduction of natural
enemies (such as parasitoids, spiders or fish) against a specific pest species, or can be based on the management
of habitat within and adjacent to rice production systems as habitat for natural enemies. Integrated Pest
management might combine any of these above in addition to using reduced amounts of pesticides, when
possible. Under these alternate management practices, we expect yields to at minimum remain the same or
increase. Water quality is expected to increase as is habitat provided. Ecological infrastructure builds over time.
Some alternative pest control practices require higher labour inputs than conventional practices.

Assumption 2: Conventional weed management that depends on herbicide use leads to the contamination of
water and at the same time, the degradation of habitat for aquatic biodiversity. Furthermore, the use of
herbicides can destroy the ecological infrastructure (e.g. vegetation structure and composition) of the rice
paddies. Rice yield is likely to increase with decreasing weed competition. Alternative weed management
practices, on the other hand, reduce or eliminate the contamination of water. Mechanical control can include
hand weeding or the use of machinery such as rotary hoes, which depends on labour costs and availability.
Cultural practices may include different spacing of rice crops, transplanting rice seedlings rather than direct
seeding, increasing of soil fertility to strengthen rice crops resilience or planting cover crops. Genetic pest control
involves planting weed tolerant or weed competitive rice varieties. Biological control is less common, but possible
through the deliberate introduction of natural enemies (such as fungi) targeting specific weed species. Integrated
Pest Management (IPM) often combines any of the above, accompanied with reduced herbicides applications,
when necessary. The effect on yields is variable, and depends on the specific weed control practice chosen and
the context. The effect on water quality is increased quality with a similar expectation for, habitat provisioning.

Assumption 3: Conventional water management — continuous flooding — of rice plants through precipitation and
irrigation leads to high water consumption, and eventually to pronounced water scarcity in water scarce areas.
Yields will be high, as well as the natural control of pests and weeds through water inundation. Continuously
flooded systems provide habitat for aquatic biodiversity. GHG emissions, particularly methane increase, while
carbon dioxide emissions are reduced in flooded conditions. Improved water management, such as alternate
wetting and drying (AWD) or the System of Rice Intensification (SRI), can reduce water needs through
intermittent irrigation. Water inputs can be saved, however with likely trade-offs include: pest and weed
suppression by inundation needs to be replaced with chemical pesticide and herbicide alternatives as in the case
of AWD or hand or mechanical weeding in the case of SRI. The former can lead to negative impacts on water
quality; the latter requires additional labour inputs. At the same time, habitat and foraging opportunities for
aquatic biodiversity will degrade, when synthetic pesticides are used, and lost in the absence of flooding. The
impact on yield is variable, but might tend to decline through increased weed competition. Methane emissions
normally decrease, but overall, carbon dioxide emissions increase. The net balance is of reduced emissions with
reduced flooding.



Assumption 4: Rice straw is often burnt after harvesting. Farmers use straw burning as a means to eliminate the
weed seedbank and to reduce the incidence of pests and diseases. This leads to environmental impacts such as
air pollution and GHG emissions (CO2), but also to the loss of soil nitrogen. The majority of soil phosphorus and
potassium are retained in the ashes. A principle alternative to rice straw burning is retention or incorporation
into fields. This requires labour and/or flooding to facilitate the decomposition of the silica rich organic material.
While soil fertility is maintained and yield is likely to increase over the long term, there may be a net increase in
GHG emissions (methane) associated with flood driven decomposition. Water quality can likewise decrease if
pesticides and herbicides are used to address pest and weed occurrence which were previously addressed by
burning the fields after harvest.

Assumption 5: Rice straw is often burnt after harvesting. Farmers use straw burning as a means to eliminate the
weed seedbank and to reduce the incidence of pests and diseases. This leads to environmental impacts such as
air pollution and GHG emissions (CO:), but also to the loss of soil nitrogen. The majority of soil phosphorus and
potassium are retained in the ashes. A second alternative to straw burning is baling and rice straw removal. The
removed straw is often used as animal feed, albeit of low nutritional value. Soil fertility is likely to decrease over
time, when nutrients are not replenished through other inputs. Accordingly, yields might decline over the long
term. The extent of GHG emissions will depend strongly on the end us of the rice straw.

Assumption 6: Flooded rice production is a net producer of methane, an important GHG. Flooding when
irrigation is needed leads to high water consumption, and eventually to pronounced water scarcity in water
scarce regions. Yields will be high, and pests and weeds can be controlled through the application of irrigation
water. Continuously flooded systems provide habitat for aquatic biodiversity. While water usage is high, in some
flood based systems, irrigation water is returned to river systems and contributes to environmental flows. On
the other hand, improved water management such as alternate wetting and drying (AWD) or the System of Rice
Intensification (SRI) reduce water needs through intermittent irrigation. Water inputs can be saved, and methane
emissions are decreased, albeit accompanied by increase in nitrous oxide and carbon dioxide emissions. Other
trade-offs are: Pest and weed suppression by water will need to be replaced with other pest and weed
management practices. When chemical control (AWD) is used, this will lead to negative impacts on water quality;
at the same time, habitat for aquatic species and birds will degrade or be lost. Mechanical weeding (SRI) requires
additional labour. The impact on yield is variable, but may tend to decline through increasing weed competition.

Assumption 7: The production and application of synthetic fertilizers contribute considerably to GHG emissions.
While fertilizer use increases vyields, it also impacts soil biota and structure. We assume that a reduction in
fertilizer application reduces net emissions. [Though decreased yields also lead to decrease GHG sequestered]
Synthetic fertilizer and organic fertilizer use both contribute to GHG emissions. Yet, the industrial production of
synthetic fertilizers adds further emissions when compared to organic sources.

Assumption 8: Straw burning leads to high GHG emissions. This changes when alternative residue management
options are implemented. When straw is incorporated or rolled into the soil with subsequent flooding, we
assume increased methane emissions. Due to a higher climate forcing of methane compared to carbon dioxide,
there will be a net increase in emissions. The effect on yield is likely to be variable as many other factors
additional to soil organic matter influence the outcome. When straw is baled and removed from the field instead,
GHG emissions are likely to decrease. However, one needs to consider the potential replacement of organic
matter by synthetic fertilizers and the related emissions. While straw removal will not show an immediate effect
on soil fertility and yields, there might be a long term decrease in both. Removed straw is often used as animal
feed, although of low nutritional value.

Assumption 9: The 1996 California rice burning ban prohibits the burning of rice straw after harvest. Flooding
has become the dominate means of rice straw decomposition in the absence of burning. When changing from



burning to flooding to decompose residues, habitat for wintering and migrating waterfowl is provided. It leads
to higher water consumption compared to no flooding however, although much of this water is returned to the
Sacramento river and is consider as an environmental flow. Methane emissions increase with this winter
flooding. There has been no reduction in rice yield during this transition.

3. METHODOLOGY

The study applied a vote-counting analysis to synthesize the results from all five case study countries. The final
outcome is a statistical review of primary research, i.e. peer reviewed literature, on the effects of different
agricultural management practices on different environmental, agronomic and ecosystem variables.



To be more specific, the analysis consists of 28 treatment comparisons between different agricultural
management practices and systems. The treatments differ in their impacts on various agronomic and
environmental variables, which were measured by a total of 43 indicators. These indicators provide specific
information on the state or condition of the following seven categories (i.e. response variables), which all relate
directly or indirectly to the management objectives outlined in the introduction:

Rice yield, a provisioning ecosystem service
Water pollution (pesticide and herbicide run-off), an environmental impact that results from specific
types of agricultural management

3. Freshwater consumption, an environmental impact that results from specific types of agricultural
management

4. Greenhouse gas emissions, an environmental impact that results from specific types of agricultural
management
Biodiversity habitat, a habitat or supporting ecosystem service
Nutrient cycling and soil fertility, which can be chemical or biological, the latter being a regulating
ecosystem service

7. Pest control, which can be of chemical, cultural, mechanical, or biological nature, the latter being a
regulating ecosystem service

The analysis presents the results of 65 published studies that have examined the effect of at least one treatment
comparison on at least one response variable, totaling more than 1500 data points and 750 interactions. These
interactions either show an increase, a decrease or no effect in the strength or frequency of the interaction. For
more specific information on how the different treatment comparisons and response variables were grouped
and which assumptions were made, please refer to the Annex (“Vote counting overview”).

Results are given for effect size results and statistically significant results. For the effect size data, we considered
no differences between treatments when those were less than 30 %, i.e. a contrast was classified as an increase
(or decrease) when the treatment augmented (or decreased) the response variable in more than 30 % of the
cases compared to the baseline treatment, otherwise it was classified as no difference. While the minimum
amount of studies necessary for a vote-counting analysis is subjective, the general rule of thumb points to at
least 20 repetitions when analysing agronomic data.

While a vote-counting analysis is a commonly used tool to integrated and summarize data, it is increasingly
criticized by ecologists and experts from other disciplines where vote-counting analysis has been extensively
used (e.g. medicine). For instance, Koricheva and Gurevitch (2013) claim that vote counting analysis has poor
qualities as a statistical procedure because it is not able to provide information on the magnitude of effects. And
indeed, a vote-counting analysis merely provides information on whether an effect increases, decreases or shows
no change. We recognize these limitations and therefore acknowledge that the results of this vote counting
should be taken as indicative only. While further meta-analytical research is needed to fully understand the
tradeoffs among different rice management approaches, we have used this method to obtain a general overview
of how different farm management practices can influence different environmental, agronomic and ecosystem
variables in rice production. This helped to inform the building of the valuation framework and the interpretation
of the valuation results (presented in the final project report).
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4. RESULTS & DISCUSSION

INCREASE IN RICE YIELD VERSUS MAINTENANCE OF WATER QUALITY

A. IRRIGATED LOWLANDS

A. OMITTING THE USE OF CHEMICAL PESTICIDES AND HERBICIDES

There were a total of 9 comparisons between pesticide use and non-chemical pest control. There was a
decrease in yield in 7 cases when no pesticides were used, and no difference in two cases. The water quality
improved in all cases (100%). The statistically significant data found in three of three (100%) cases that crop yields
decrease in the absence of pesticide applications.

Water quality improved in all cases when no weed management was practiced (100%) as compared to herbicide
use. However, the effect on yield was less promising: Out of 22 cases, in 20 cases (91%) yield declined when
non-chemical weed management was practiced. In two cases there was no difference (9%) (effect size). When
only taking statistically significant data into account, 12 out of 16 cases (75%) showed decreasing yields, while in
four cases (25%) there was no difference.

Water quality improved when biological weed management together with manual weeding was used instead
of chemical pesticides. There was no difference in yield in three reported cases (100%) (both effect size data and
statistically significant data), which shows a clear environmental advantage of those weed management practices
that build on ecosystem services — maintaining water quality while delivering the same yields as when herbicides
are used.

There were no studies that reported on the effect of biological control only — only in combination with manual
labour.

B. DECREASING THE RATE OF CHEMICAL HERBICIDE AND PESTICIDE USE

In irrigated lowland systems, water quality improved in all cases (100%) significantly when herbicides use was
reduced. In six of 10 cases (60%), reduced herbicide inputs led to a decrease in crop yields while in four cases
there was no difference between the two treatments (40%) (effect size data). As weeds strongly compete with
the rice plants, these results are not surprising.

In terms of different pesticide rates, in one of two cases (50%), lower pesticide inputs led to a decrease in crop
yields compared to higher pesticide inputs, while in the other case there was no difference between the two
treatments (50%) (effect size data). For both comparisons, there was no statistically significant data.

C. CHANGING FROM CONVENTIONAL TO ORGANIC FARMING SYSTEMS

A recent meta-analysis on organic agriculture found that rice is among the best-yielding organically grown crops
(6% lower yield than conventional) (de Ponti et al. 2012). However, there was surprisingly little information of
systems comparisons between conventional and organic rice farming in the five case study countries. Solely one
study was found in Costa Rica which focused on the impact of both types of systems on macroinvertebrate
species as an indicator for water quality (Rizo-Patron et al, 2013). We could therefore not do a trade-off
comparison for this category.

11
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Figure 2. Data with significant results and effect size of 30 % is shown for California, Cambodia, Costa Rica, the
Philippines and Senegal in irrigated lowland systems.
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B. RAINFED LOWLANDS

A. MANUAL WEEDING INSTEAD OF HERBICIDE USE

Water quality improved when manual weeding was used instead of herbicides, as expected. Also yield increased
in one case (50%) and there was no difference in yield in one of the two reported cases (50%) (both effect size
data and statistical significant data). Accordingly, weed control increased in one case (50%) and there was no
difference in weed biomass in one of the two reported cases (50%) (effect size data only). The results of this
treatment comparison are from one study only (Rickman et al., 2001), and therefore cannot be extrapolated.
The study also does not give more details on labour demands related to hand weeding as compared to herbicide
use. One can assume however, that manual weeding takes considerably more time. A study undertaken by
Farmers et al. (2009) found that hand weeding in Cambodian lowland systems takes 10 man days per ha whereas
herbicide application only needs 1 man day per ha.

13



INCREASE IN RICE YIELDS VERSUS REDUCTION OF WATER USE

A. IRRIGATED LOWLANDS

A. ALTERNATE WETTING AND DRYING OR AEROBIC SOILS VERSUS CONVENTIONAL WATER MANAGEMENT

In irrigated lowland systems, improved water management such as alternate wetting and drying (AWD) or
aerobic soils clearly reduced water needs in 53 from 99 cases (54%) compared to continuous flooding, while in
the remaining 46 cases (46%) there was no difference (effect size data). For statistically significant data, 33 out
of 52 cases (63%) reduced water needs, while the remaining 19 (37%) showed no significant difference.

Estimates of the effect on yields vary. Using improved water management practices, yields remained the same,
with 95 out of 123 cases (77%) and decreased in 28 cases (23%) (effect size data). In 64 out of 96 (67%) cases
where statistically significant data is available, yields remained the same, while in 32 cases (33%) vyields
decreased. This is mostly due to the aerobic rice systems as a long-term experiment in the Philippines has shown.
Aerobic rice yields were consistently lower than in conventional flooded rice, and yield differences increased
over eight seasons of continuous cropping (Peng et al. 2006). Yield failures, or zero harvest, occur occasionally
and were attributed to ‘soil sickness’: potentially the combined effect of allelopathy, nutrient depletion, buildup
of soil-borne pests and diseases and soil structural degradation (Ventura & Watanabe 1978). Key pathogens
include the Rice Root Knot Nematode (RRKN) (Meloidogyne graminicola), which is known to cause yield declines
ranging from 12 to 80% (Padgham et al. 2004 and others in Kreye et al. 2009). Furthermore, Pythium
arrhenomanes — a plant pathogen - has been isolated from soil following aerobic rice monocropping in the
Philippines and was linked to reduced seedling growth (Van Buyten et al. 2013). Rice in aerobic soils also suffer
from a lower availability of Fe and Mn due to positive redox potential (Kreye et al. 2009) as well as a lower
availability of phosphorus, which is less mobile in unsaturated soils (Kato & Katsura 2014). Despite these issues,
Bouman et al. (2005) indicate that whereas aerobic rice has lower yields than flooded rice, it can attain
appreciably higher water productivity.

As for the other response variables, pest and weed control decreased in 3 out of 4 cases (75%), while the
remaining case showed no difference (25%) (effect size). There were no statistically significant data on this
response variable. Weed control decreased because water represents an efficient control for weeds in rice
cultivation. Most of the water saving technologies therefore have concomitant problems with weeds, which is
likely to lead to increased problems of water contamination and declining water quality if herbicide use is
increased.

The effect on GHG emissions was mixed as explained in more detail in the following section on this topic.

There was no data on habitat provisioning, but evidence from other countries clearly shows effects on this
response variable. For example in Japan, an increase in the area of dry rice fields with high drainage efficiencies
has had a negative impact on wetland birds through reduction in the abundance of prey species (Maeda &
Yoshida 2009 in Amano et al. 2010); the greater painted-snipe (Rostratula benghalensis), ruddy-breasted crake
(Porzana fusca), and common snipe (Gallinago gallinago) have all declined in rice-paddy areas in recent years
(Amado 2006; Amado & Yamaura 2007).

B. SYSTEM OF RICE INTENSIFICATION VERSUS CONVENTIONAL WATER MANAGEMENT

The System of Rice Intensification (SRI) includes intermittent flooding as part of a production package. The
system advises transplanting of young (eight to ten days old) single rice seedlings, with care and spacing, and
applying intermittent irrigation and drainage to maintain soil aeration. In addition the use of a mechanical rotary
hoe or weeder to aerate the soil and control weeds is encouraged. Our analysis found that in irrigated lowland
systems, there was no difference between SRI and conventional systems in 10 out of 13 cases (77%), while in
two cases (15%) there was an increase in water use in SRI and in one case (8%) there was a decrease in water
use (effect size data). There were no statistically significant data on this response variable.

14



In the SRI system, ‘intermittent flooding’ - irrigation to field capacity and managing high soil moisture without
anaerobic conditions is managed through visual inspection of soil and attempts to maintain a moist soil surface.
However, such flooding regimes are prone to yield losses where water is not carefully monitored and particularly
at the vulnerable rice flowering stage. In general, yields are the same with SRI as under continuously flooded
systems or may even increase. In the studies that were screened, yields remained largely the same, with 28 out
of 33 cases (85%). In four cases yields increased (12%), in one case yields decreased (3%) (effect size data). For
significant data, yields remained the same in 23 out of 26 cases (88%), and increased in the remaining three
(12%).

As for the other response variables, pest control decreased in three of 11 cases (27%), while six cases showed no
difference (55%) and two cases showed an increase (18%) (effect size). The decrease in pest control can be
explained by the fact that under SRI no herbicides are used; only hand weeding and mechanical weeding. Weed
management is usually far more labour demanding (Krupnik et al, 2012).

Water quality increased in all 18 cases (100%) (effect size). There were no data on GHG emissions, or habitat

provisioning.

This evidence suggests that under improved water management systems, major water savings can be achieved.
However, without proper weed management, yields will suffer from weed competition because water represents
an efficient control for weeds in rice cultivation. This was clearly seen in the AWD and aerobic rice systems where
in the majority of the cases pest/weed control declined. Yields remained largely the same, however.

For SRI, it was less clear however. Only in a third of all cases, weed control declined whereas more than half
showed no difference, and a fifth even showed an increase in weed abundance. This can probably be explained
by SRI’s use of hand and mechanical weeding to make up for the reduced water cover that stops weeds from
growing. Yields increased in the majority of all cases, which leads us to conclude that SRI can lead to synergies
between increasing rice yields and reducing water consumption.
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Figure 3. Data with statistical significance and effect size of 30 % is shown for Senegal and the Philippines in
irrigated lowland systems.

C. DIRECT SEEDING VERSUS TRANSPLANTING

In direct seeding, seeds are directly broadcast in the rice field after land preparation. This decreases the total
preparation and growing period of rice compared to traditional transplanted rice. In this way direct seeding has
the potential to decrease water inputs. Unfortunately very limited data has been found on the comparison of
direct seeding versus transplanting. The data presented only shows research done in the Philippines for the
irrigated lowland system. In two out of 10 cases (20%) an increase in water saving has been found when
comparing direct seeding to transplanting, while no difference is shown for eight out of 10 cases (80%) (effect
size). No statistical significant data is given on water use.

In 11 out of 12 (92%) cases no differences in yield has been found for direct seeding compared to transplanting
rice (effect size). In the other case yield decreased (8%). Statistical data showed a significant decrease in yield in
two out of two (100%) cases.

D. DRY TILLAGE — PUDDLING

Research on dry tillage compared to puddling has been analyzed for cases in Senegal and Philippines. Puddling is
plowing the rice field under flooded conditions. Dry tillage has therefore the potential to save water. However,
rice cultivation in the Senegal River Valley has to deal with soil salinity. Puddling in combination with flushing is
a method to wash out the salts from the topsoil. In four out of four cases (100%) no difference is shown in water
use between dry tillage and puddling (effect size). The statistical data found a significant increase in water saving
in three out of four cases (75%) for dry tillage over puddling. In the other case (25%) no significant effect has
been found.

An increase in yield is found in three out of seven cases (43%) (effect size). This is due to a low measured seed
survival rate of rice under puddling system in Senegal. In the other four cases (57%) no differences have been
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shown. For the statistical data, also in four out of seven cases (57%) no significant differences have been found.
In two out of seven cases (29%) an increase is shown in yield. In one case (14%) a decrease is measured.

The vote counting shows no difference or synergies between water saving and yield. However, the case study in
Senegal has shown an increase of salt removal from the topsoil under the puddling system. At the same time the
study showed a decrease of seed survival rate under the puddling system. The authors argued that every
puddling was getting deeper, resulting in new salts coming up from the subsoil. In addition, the salt content got

lower under the puddling system, but the distribution got more homogenous resulting in the decrease in seed
survival (Hafele et al. 1999).
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Figure 4. Data with statistical significance and effect size of 30 % is shown Senegal and the Philippines in irrigated
lowland systems.

INCREASE IN RICE YIELDS VERSUS REDUCTION OF AIR POLLUTION

A. IRRIGATED LOWLANDS

Results in this section all stem from studies conducted in California. The California rice straw-burning ban enacted
in the 1990s put significant pressure on farmers to find alternative measures to remove or incorporate rice straw
waste from farm fields. Air quality associated with rice cultivation was once a major issue in California. In the
1980s more than 95 percent of rice fields were burned as a means of reducing the highly resistant to
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decomposition rice straw; currently 90 percent of rice fields incorporate the straw and use flooding to facilitate
straw decomposition.

There are several alternative management options to burning residues, with effects on several response
variables. All of these lead to clean air, although some still result in GHG emissions as discussed in the next
section. Straw might be rolled with a heavy roller to crush the straw into the soil surface, it might chopped and
then incorporated using a chisel plow or disc, or it can baled and removed. The latter frees the straw - next to
rice grain another provisioning service of rice production — for other potential uses.

A. INCORPORATION, ROLLING OR REMOVAL OF RICE RESIDUES

The majority of California rice is dependent on synthetic fertilizers with application rates on the order of 120-180
kg nitrogen per hectare and 30-80 kg P per hectare. Eagle et al (2000) provide a comprehensive five-year study
of the effect of residue management on yield. When fertilizer is applied at these rates, there is no impact of
residue management on yield. This includes no significant differences between burning, incorporation with and
without flooding, and removal.

Looking at effect size data, in almost all cases, there was no difference between burning and the three alternative
management options in terms of yield, irrespective. Rolling showed no difference in 31 out of 32 cases (97%),
incorporation showed no difference in 28 out of 32 cases (88%), and baling and removal showed no difference
in all cases, 32 out of 32 (100%). For statistically significant data, rolling showed no difference in 12 out of 14
cases (86%), incorporation showed no difference in nine out of 14 cases (64%), and baling and removal showed
no difference in 12 out of 14 (86%). Four cases out of 14 showed reduced yields when straw was incorporated
compared to burning straw (29%).

This means that in the majority of all cases, yield was not affected when alternative crop residue management
practices to rice straw burning were chosen and significant air pollution was avoided — a clear synergistic effect.
However, one needs to carefully look at the other variables in the equation. Synthetic fertilizer application
subsidizes any effect of residue management and yields are on the order of eight to ten tons per hectare. When
no fertilizers are applied, yield is reduced by half, from eight to ten tons ha to four to six tons per hectare. Under
these conditions, incorporated rice straw can bring yields back up to nine tons per hectare after three to four
years of residue incorporation. In this same study however, yields dropped again to five tons per hectare in the
fifth and final year of study year. Long term results beyond the five year mark were not recorded.

But not in all cases did rice incorporation results in increased yields or maintained its status quo. For instance,
Pheng et al (2010) found that application of straw residues actually inhibited rice growth. This may be
attributable to allelopathy, except that similar results were found for both allelopathic and non-allelopathic
materials. In other cases where rice residues have been shown to have a negative yield effect on following crops,
such as wheat, this has been attributed to phytotoxins in the rice residues (e.g. Bacon and Cooper 1985).

The yield of a rice crop is closely linked to soil fertility. For effect size data, soil fertility increased in only 1 out of
four cases (25%) when straw was rolled into the soil, while in the other three cases there was no difference
(75%). When straw was incorporated, in eight of 16 cases, there was no difference in soil fertility (50%), while in
six cases there was a decrease (38%) and in two cases an increase (12%).

For statistically significant data, soil fertility decreased in six out of ten cases (60%), increased in two (20%) and
remained the same in another two cases (20%) when straw was rolled into the soil compared to burning it. When
straw was incorporated, in six of ten cases (60%), there was a decrease in soil fertility, while in three cases (30%)
there was no difference and in one case an increase (10%).

As the results show, there are neutral to positive effects of incorporation into fields regarding soil fertility.
Residues incorporated in the soil increase microbial activity, they help to prevent erosion, positively affect soil
structure and add carbon and organic matter to the soil (Mandal et al, 2004). Incorporating straw for soil nutrition
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can be an important source of carbon, mineralizable nitrogen, phosphorus and potassium. While burning rice
straw volatilizes most of its N and sulfur, and 75 % of K and 20 % of P are retained in the soil (Eagle et al 2000).
The addition of straw can drive optimum nitrogen fertilization levels down by 20 kg per hectare (Linquist et al.
2006).

In more than half of the cases each of these management interventions also had important negative impacts.
These are especially visible in the first three years after straw incorporation. While rice straw incorporation leaves
the majority of nutrients on site, evidence suggests that it takes three years for this impact to be reflected in
yield increases (see study by Eagle et al 2000 above). Incorporating rice straw into the wet soil results in
temporary immobilization of N (Sander et al 2014; Wassman et al 2000 a,b). This is because the C:N ratio of rice
straw is rather high (>80) and result in higher immobilization which may not make the N available at critical stages
of rice crop growth (Mohanty et al, 2010). An additional factor to consider is the pH of the soil. Van Asten et al
(2005) compared the effect of straw incorporation on rice yields on pH-neutral soils and acid soils. Nitrogen
uptake and the recovery efficiency were found to be higher on acid soils. In general, it needs to be noted that
effects of rice straw addition on soil fertility are poorly studied and - in the case of rice systems in California and
other intensive production areas — are largely overshadowed by the large fertilizer additions made to fields.

Compared to rice straw burning, one expects less nutrients to remain in the field when straw is bailed and
removed, at least for K and P, as compared to a complete removal of all nutrients. The results showed the
opposite however. When straw was bailed and removed, there was no difference in three cases out of four
(75%), while in one case there was an increase in soil fertility (25%) (effect size data). Where statistically
significant data was available, there was no difference in two of four cases (50%), while in two cases (50%) there
was an increase in soil fertility when straw was bailed and removed. The latter result, which is surprising, supports
findings by Dormaar et al. (1997), showing that that burning can actually decrease soil fertility, especially NHs-N
and P.

The results indicate that for both residue burning and many other crop residue management practice soil fertility
decreases — at least in the first three years, albeit at different rates, and lost nutrients need to be replaced by
fertilizers. One can assume that this is likely to have effects on water quality as documented in the water quality
section.

Another impact on water quality may stem from dissolved organic carbon and total dissolved soilds, as
investigated by one study completed by Ruark et al, 2010. When straw was incorporated and flooded, rather
than burned water quality remained the same in six of seven cases, and declined in one case. There was only one
statistically significant result, showing a decrease in water quality when straw was incorporated. The authors
noted that despite a decrease in water quality, water quality remained above standards for drinking water.

According to Truc et al. (2012), farmers practice rice straw burning because they believe that it significantly
reduces pest and disease incidence. By changing from straw burning to other residue management practice, pest
control should therefore decline. This was confirmed by the results of this vote-counting analysis. For both effect
size and statistically significant data, pest control declined in all six cases (100%) when straw was rolled into the
soil. For baling and removing, five out of six cases showed a decline in pest control, while in one case it remained
the same.

When comparing the effect of straw burning and residue incorporation on GHG emissions, GHG emissions
declined in four out of eight (50%) cases when straw was incorporated, and remained the same in the other four
(50%). No statistically significant data for this practice comparison. The results on GHG emissions are discussed
in more depth in the next section.
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INCREASE IN RICE YIELDS VERSUS REDUCTION OF GHG EMISSIONS

Biological processes and input use on farms generate mostly CH4 and N20O, which are more potent greenhouse
gases per ton than CO2; CHa is 25 times and N20 is 298 times more potent in carbon equivalent unit (IPCC 2007).
Decisions regarding the reduction of GHG emissions in rice production systems need to assess the different
management options related to rice residue management (i.e. burning versus alternative uses), soil fertility
management, and water management.

While there are no life cycle analyses of GHG emissions for rice available in the five case study countries, global
estimates attribute about 89% of rice global warming potential to CHas, and thus to flooding practices (Linquist et
al., 2012). Therefore, strategies to reduce GHG emissions from rice production need to primarily focus on water
management. However, practices that decrease CH4 emissions usually increase N20 emissions — a reason why
both gases need to be considered at the same time.

Other estimates based on life cycle emissions show different proportions yet still make CH4 emissions from
flooding the largest emitter in rice production. In Egypt, for instance, flooding constitutes 53% of all emissions,
while 36% is due to burning, and 10% due to fertilizer production and application. The remaining 1% relates to
mechanical activities that require the use of fossil fuels (Farag et al., 2013).

While the Egyptian case was calculated for lowland irrigated production systems, the situation in Ghana looks
very different. Ghana produces mostly in rainfed upland systems, in which rice is not produced in standing water.
Methane emissions are therefore less of an issue. Eshun et al. (2012) attribute most GHG emissions to fertilizer
application (72%), followed by emissions from transportation of rice to the mill (10%) and land preparation (7%),
harvesting (6%) and planting (5%). Although not explicitly stated, the authors assumed that rice residue burning
is not practiced in the country.

In addition to rice production being a major emitter of GHGs, rice systems also sequester carbon via soil organic
carbon in top soil (Minasny et al 2012). A number of management practices can be used to increase the capacity
of rice systems to sequester carbon. Results of the effect of different practices are very heterogeneous however.
Some studies have shown that no-tillage as compared to conventional tillage increases the storage of carbon in
the soil (e.g. Ghimire et al 2012), other report no difference (e.g. Rui & Zang 2009). Crop residue additions and
animal manure application were found to increase soil organic carbon, albeit only in the long term (e.g. Rui &
Zang 2009).

Most results from the five case study countries are from irrigated lowland systems and only a few have been
collected in rainfed lowlands systems. There have been none conducted in rainfed upland systems.

A. IRRIGATED LOWLANDS

A. ALTERNATE WETTING AND DRYING (AWD) OR AEROBIC SOILS VERSUS CONVENTIONAL WATER
MANAGEMENT

Under alternate wetting and drying (AWD) fields are flooded and the water is left to evaporate and to infiltrate
the soil until a critical level. Under aerobic soils, also known as aerobic monocultures, the crop is usually dry
direct seeded and soils are kept aerobic throughout the growing season. Supplementary irrigation is applied as
necessary and adapted rice cultivars that are responsive to fertilizers and with higher yield potential than upland
rice varieties are used (Kreye et al. 2009). When considering both of these improved water management
practices together, more than half of all cases led to reduced GHG emissions - in nine out of 17 cases (53%), while
in six cases (35%) there was no difference, and in two cases (12%) GHG emissions increased (effect size). Where
statistical data is available, five of nine cases (56%) showed a reduction in GHG emissions, one showed no
difference (11%) and two (33%) showed an increase in GHG emissions.
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While AWD is a good management practice to reduce water consumption, it might not be the best option for
GHG emissions reductions however. Ortiz-Monasterio et al (2010) showed that field drainage at mid-tillering and
14 days before harvest (termed dual drainage) reduced methane emissions to between 15 and 80% of that in
found in continuously flooded fields (Wassman et al 2000). A study conducted in Central Luzon, the central rice
production area of the Philippines, showed that mid-season drainage reduced methane emission significantly
during the dry season compared to flooded controls (Corton et al 2000). In the wet season, heavy rainfalls may
keep fields from drying and thus offset the potential of mid-season drainage to reduce methane emissions
(Corton et al 2000, Wassmann et al 2000).

Estimates on the effect on yields vary. Using improved water management practices, yields remained the same
in 95 of 123 cases (77%) and decreased in 28 cases (23%) (effect size data). In cases with statistical data, 64 of
96 (67%) cases, yields remained the same, while in 32 cases (33%) yields decreased. This is mostly due the case
in aerobic rice systems as was demonstrated in a long-term experiment in the Philippines. Aerobic rice yields
were consistently lower than in conventional, flooded rice, and yield differences increased over eight seasons of
continuous cropping (Peng et al. 2006). Yield failures, or zero harvest, occur occasionally and were attributed to
‘soil sickness’: potentially the combined effect of allelopathy, nutrient depletion, buildup of soil-borne pests and
diseases and soil structural degradation (Ventura & Watanabe 1978). Key pathogens include the Rice Root Knot
Nematode (RRKN) (Meloidogyne graminicola), which is known to cause yield declines ranging from 12 to 80%
(Padgham et al. 2004 and others in Kreye et al. 2009). Furthermore, Pythium arrhenomanes has been isolated
from soil following aerobic rice monocropping in the Philippines and was linked to reduced seedling growth (Van
Buyten et al. 2013). Rice in aerobic soils also suffers from a lower availability of Fe and Mn due to positive redox
potential (Kreye et al. 2009) as well as a lower availability of phosphorus, which is less mobile in unsaturated soils
(Kato & Katsura 2014).

As for the other response variables, improved water management practices reduced water needs in 53 from 99
cases (54%), while in the remaining 46 cases (46%) there was no difference (effect size data). Where we found
statistically significant data, 33 of 52 cases (63%) demonstrated a reduced water need, while the remaining 19
(37%) showed no significant difference. This has been discussed in length in the water consumption section.

As for other response variables, pest and weed control decreased in three of four cases (75%), while the
remaining case showed no difference (25%) (effect size data). There were no studies with statistically significant
data on this response variable. Weed control decreased because water represents an efficient control for weeds
in rice cultivation. Most of the water saving technologies have therefore concomitant problems with weeds,
which is likely to lead to increased problems of water contamination and declining water quality because of
increased herbicide use.

B. RICE STRAW BURNING COMPARED TO ALTERNATIVE RESIDUE MANAGEMENT PRACTICES
The CO; emitted through straw burning has less impact on climate change than the CH4 emissions from rice
cultivation (McCarty 2011) since CHa has 21 to 34 times the Global Warming Potential (GWP) of CO..

Data on GHG emissions from different residue management practices were very scarce. When comparing straw
incorporation with burning, GHG emissions declined in four out of eight (50%) cases when straw was
incorporated, and remained the same as in the case of burning in the other four (50%). No statistically significant
data are available for this practice comparison.

Straw rolling or straw removal versus burning did not yield any effect size or statistically significant data.

As for yields, looking at effect size data, in almost all cases, there was no difference between burning and the
three alternative management options in terms of yield. Rolling showed no difference in 31 out of 32 cases (97%),
incorporation showed no difference in 28 out of 32 cases (88%), and baling and removal showed no difference
in all 32 cases (100%).
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For statistically significant data, rolling showed no difference in 12 of 14 cases (86%), incorporation showed no
difference in nine of 14 cases (64%), and baling and removal showed no difference in most cases, 12 out of 14
(86%). Four cases out of 14 showed reduced yields when straw was incorporated compared to burning it (29%).

Beyond yields and GHG emissions, these practices also had effects on the other response variables and led to
additional trade-offs. Soil fertility increased in only one of four cases (25%) when straw was rolled into the soil,
while in the other three cases there was no difference (75%) observed. When straw was incorporated, in eight
of 16 cases, there was no difference in soil fertility (50%), while in six cases there was a decrease (38%) and in
two cases an increase (12%). When straw was bailed and removed, there was no difference in three cases out of
four (75%), while in one case there was an increase in soil fertility (25%) (effect size data).

For statistically significant data, soil fertility decreased in six out of ten cases (60%), increased in two (20%) and
remained the same in another two cases (20%) when straw was rolled into the soil. When straw was
incorporated, in six of ten cases (60%), there was a decrease in soil fertility, while in three cases (30%) there was
no difference and in one case an increase (10%). When straw was bailed and removed, there was no difference
in two cases out of four (50%), while in two cases (50%) there was an increase in soil fertility.

For effect size data, water quality remained the same in six out of seven cases when straw was incorporated, and
declined in one case. For the other treatments there was no effect size data.

For statistically significant data, there was only one result, showing a decrease in water quality when straw was
incorporated.

For both effect size and statistically significant data, pest control declined equally in all six cases (100%) when
straw was rolled into the soil. For baling and removing, five out of six cases showed a decline in pest control,
while in one case it remained the same.

C. DIFFERENT FERTILIZER REGIMES

Soil nitrogen additions can increase both the food production potential and the climate change impact of rice
production. In addition to the global warming potential of synthesizing nitrogen fertilizers, increased net primary
productivity of crop and weed biomass impacts the amount of carbon stored in dry cultivation systems, and the
amount of methane produced in flooded systems.

Reducing the rate of synthetic fertilizer application showed no difference in terms of GHG emissions when
compared to the standard rate of fertilization in all four cases (100%) (effect size data). There was no statistically
significant data. Adviento-Borbe et al (2013) provided a comprehensive analysis of the impact of nitrogen
fertilization in drill seeded systems and concluded that while N fertilizer rate applications are correlated with
methane production in flooded systems, fertilizer N rate had no significant effect on global warming potential
when application rates were on the order of 160-200 kg per hectare. However, the global warming potential
increased above the 200 kg N/ha application rate.

The same study by Adviento-Borbe et al (2013) showed a sharp yield increase (four tons per hectare to eight tons
per hectare) as N was added from 0 kg to 140 kg per hectare. There were no changes in yield above 140 kg N
however. This explains the results of the vote counting analysis which is mainly based on this study: As for
statistically significant data, in 20 out of 28 cases, there was no difference in yields between the two treatments
(71%) (reducing mineral fertilizer rates), while in eight cases there was a decrease in yield (29%) with decreased
application rates. For effect size data, in 13 of 28 cases yields decreased with decreased fertilizer application
rates (46%), in 12 cases there was no difference (43%) and in three cases there was an increase in yields (11%).
The authors conclude that achieving the highest productivity is not at the cost of higher global warming potential
because of the disassociation between yield and increased fertilizer application above the 140 kg per hectare
level. Similar results were found by Pittelkow et al. (2013) who conclude that fertilizer applications rates above
140 kg per hectare have an insignificant impact on yield (12-13 Mg per hectare), but a disproportionate impact

23



on global warming (>108 kg CHa-C and 620 kg N20-N per hectare). The results of this study suggest that optimal
N rates can produce maximum yields while reducing annual yield- scaled GWP by 46 to 52 %.

When comparing the difference between synthetic fertilizer alone with a mix of organic and mineral fertilizer,
there were 19 out of 26 cases that showed no difference in emissions (73%). In seven cases, however, GHG
emissions increased and the mitigation potential was reduced when combining mineral and organic fertilizer
(27%) (effect size data). There were no statistically significant data.

As for yields, there was no difference in yield between the two treatments in all 25 cases for effect size data
(100%). For statistically significant data, there was no difference in 13 out 15 cases (87%), and a reduction in yield
when a mix of organic and mineral fertilizer was applied in two cases (13%).

As for other response variables, soil fertility was increased in two out of six cases when fertilizers were mixed
(33%), and showed no difference in the remaining four cases (67%) (effect size data). For statistically significant
data, there was no difference in three cases (75%) and a decrease in one case (25%).

Water quality remained the same in nine out of ten cases (90%). In one case it increased when fertilizers were
mixed (10%) (effect size and statistically significant data).

None of the studies included GHG emissions from fertilizer production.

D. IMPROVED RICE VARIETIES

A study by Wassmann et al (2000) in the Philippines showed a comparison of improved rice varieties with the
local rice variety IR 72. They measured whether CH4 emissions were affected by cultivar. The improved rice
varieties showed a reduction in GHG emissions compared to the local variety in 4 out of 5 cases (80%) for the
effect size data. In 1 out of 5 cases (20%) no difference in CH4 emissions was found. In 5 out of 5 cases (100%) a
statistical significant reduction in GHG emissions have been found. Although the local variety gave the highest
CH4 emissions, the authors could not determine a specific plant trait that causes the higher emission potential.
Plant parameters were statistically analyzed for two growing seasons and Wassmann et al (2000) noted that
“about 86% in the change of cumulative emission (EMcum) was explained by the combined effect of plant height
(PHT), tiller number (TNO), root length (RLT), root weight (RWT), and biomass (BIO)”.

Although GHG emissions might reduce when cultivating the improved rice varieties, yields reduce as well in 3 out
5 cases (60%) (size effect). In 1 case (20%) yield increases and in 1 case (20%) yield shows no difference. For the
statistical data, yield shows a significant reduction in 1 out of 5 cases (20%). In 1 case (20%) there is a significant
increase and in 3 out of 5 cases (60%) there is no significant difference between improved rice varieties and the
local variety.
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Figure 6. Data with statistical significance and effect size of 30 % is shown for all five case study countries in

irrigated lowland systems Cambodia, The Philippines and Senegal.
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B. RAINFED LOWLANDS

GHG emissions from rice production systems in rainfed lowlands can be broadly categorized in three groups:
emissions related to water management, fertilizer use and rice straw burning. Data for this analysis were only
available for GHG emissions and yields in relation to fertilization and water management.

A. SYSTEM OF RICE INTENSIFICATION (SRI) VERSUS CONVENTIONAL WATER MANAGEMENT

While the concept of SRI was originally developed under irrigated conditions, these systems have also been
adapted to rainfed lowland paddies. The SRI in lowland rainfed systems differ from the conventional
management system in several parameters, but the focus of included research studies is on modified water and
nutrient management. In the studies, SRI fields are moist during transplanting and drained several times during
the growing season. Trade-offs are likely to occur between CHs emissions when the fields are flooded and
between N20 emissions when fields are drained.

Comparing SRI to conventional management, in seven out of eight cases there was no difference between the
two treatments in terms of GHG emissions. In one case, emissions decreased and the mitigation potential
increased when SRI was applied (effect size data). For statistically significant data, there was no difference in four
cases (50%) and an increase in mitigation potential in the other four cases (50%).

In terms of yield, there was no difference in yield in six out of ten cases for effect size data. In four cases, yields
increased with SRI. For statistically significant data, there was no difference in four cases (50%) and an increase
in yields in the other four cases (50%) when SRI was used.

B. DIFFERENT FERTILIZER REGIMES

When comparing the difference between synthetic fertilizer alone with a mix of organic and mineral fertilizer,
there were three out of four cases that showed no difference in emissions (75%) (effect size data and statistically
significant data). In one case, emissions decreased and the mitigation potential increased (25%) when both
organic and mineral fertilizers were used.

As for yields, there was no difference in yield between the two treatments in 14 cases out of 22 for effect size
data (64%). In eight cases, yields declined when a mix of fertilizers was used (36%). For statistically significant
data, there was no difference in five out ten cases (50%), and a reduction in yield when a mix of organic and
mineral fertilizer was applied in the other five cases (50%).

When comparing organic fertilizer to no fertilizer, in three out of eight cases (38%) emissions increased and the
mitigation potential decreased when organic fertilizers were used. In another three cases (38%), the opposite
was the case, and emissions decreased and the mitigation potential increased when organic fertilizers were used.
In two cases (24%), there was no difference (effect size data). For statistically significant data, emissions
increased and the mitigation potential decreased when organic fertilizers were used in two out of four cases
(50%), and in the other two cases, the opposite happened (50%), with emissions decreasing.

As for yields, in seven out of ten cases (70%), yields remained the same when comparing organic fertilizer to no
fertilizers and in three (30%) cases yields increased (effect size data). For statistically significant data, in four out
of eight cases (50%) yields remained the same and in four cases yields increased when organic fertilizers were
used (50%).
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INCREASE IN RICE YIELD VERSUS HABITAT PROVISIONING

Over 90 percent of the world’s rice is grown under flooded conditions, providing habitat not solely for the crop
alone but also for wide range of aquatic and other organisms (Halwart & Gupta 2004). Rice-fish farming is
practiced in many countries in the world, particularly in Asia where consumption is largely dependent on rice as
the staple crop and fish (inclusive of fin-fish and crustaceans) as the main source of animal protein. In these
countries, food security and prosperity long have been associated with the availability and diversity of both rice
and fish. The rice and fish production systems on which these societies depend are quite varied and greatly
influenced by seasonal rainfall and flood inundation patterns, particularly in river floodplains and deltaic
lowlands. Many traditional systems in Asia are based on concurrent cultivation of rice and fish, whereas other
systems alternate between rice cultivation in one season and fish culturing in the other.

Fish in rice-fish systems does not refer only to fin-fish; it includes the wide variety of aquatic animals living in rice
fields: shrimp, crayfish, crabs, turtles, bivalves, frogs, and even insects. Farmers may also allow aquatic weeds,
which they harvest for food (Datta & Banerjee 1978). Surveys in Cambodia, for example, have documented the
harvest of over ninety different organisms from rice paddies and used daily by rural households (Balzer et al.
2002; Halwart and Gupta 2004). These wild and gathered foods from the aquatic habitat provide important
diversity, nutrition and food security, as food resources from rice-field environments which supply essential
nutrients that are otherwise not adequately found in diets (Hunter et al. 2015).Nutrients such as Vitamin A, B,
calcium, iron or zinc, or different amino acids which are often lacking in the diet of rural people could be supplied
by rice agro-ecosystems and their aquatic biodiversity (Burlingame et al 2006). Many rural households depend
on monotonous diets that are too high in carbohydrates and too low in animal source foods and micronutrient-
rich fruits, fish and vegetables. Access to a diversified diet is often constrained by lack of purchasing power,
limited expertise and limited availability. Experience has shown that more diversified farming systems that
contain horticultural or aqua cultural components are one way to improve households’ availability and access to
such animal source foods, fruits and vegetables.

It is also important to acknowledge that rice agro-ecosystems not only differ in terms of species diversity, but
also regarding genetic diversity of rice itself. Evidence has shown that individual cultivars, strains and breeds of
the same (rice) species do have significantly different nutrient contents (Kennedy and Burlingame 2003). In fact,
there are thousands of different rice varieties, some of which have been around for centuries while others are
new hybrids bred to increase rice yields or reduce the susceptibility to rice pests.

A. IRRIGATED AND RAINFED LOWLANDS

A. PESTICIDE FREE RICE PRODUCTION

There was no peer-reviewed study in the case five study countries that quantified the differences between those
rice systems that use agro-chemicals and those that do not in terms of habitat provisioning and yield increases
at the same time. Studies that only looked at habitat impacts showed clear results, however. For example, Mullie
et al (1991) studied the toxicity of irrigation water after Carbofuran application (which used to control rice stem
borers) on aquatic organisms in Senegal. They found a significant decrease of aquatic macro invertebrates after
Carbofuran application, meaning that Carbofuran is highly toxic for non-target species. Parsons et al (2010)
conducted research on the effect of different pesticides on birds in rice fields on a global scale and concluded
that various pesticides are highly toxic for birds. Pesticides in waterways can be widespread and besides the
direct effects, several indirect effects are reported (e.g. reduced prey).

Furthermore, some literature sources document the importance of habitat provisioning for rice-fish farming as
a crucial livelihood activity for Asian rice farmers. A recent literature review (Griffith, 2015, unpublished) on
ecosystem services provided by aquatic organisms in global rice production systems lists more than 30 papers
that have assigned a value to the provision of food by aquatic organisms in rice fields.
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For example, in Cambodia, de Silva et al. (2013) point out that fishing and foraging are a crucial source for food
and seasonal income for parts of the year. In addition to vegetables, rice fields provide 50 to 250 kg of fish and
other aquatic animals per family and year, with a value of about 100 to 150 USD per hectare (Hortle et al. 2008).
Often these are the primary sources of protein for rural rice farming communities, and therefore of immense
nutritional value - not just for the rice farmers alone, but also for landless members of the community.

Beyond the provision of food and income, aquatic species also provide important (biological) pest control
services. Naturally occurring frogs or toads, or carnivorous fish keep rice pests at a low level. A study conducted
in China reported 68% fewer expenses for pesticides and 24% less chemical fertilizer application when rice-fish
culture was practiced as compared to monocultures (Xie et al. 2011).

A study completed in Laos examined the use of aquatic organisms in rice fields and identified their roles in
household economy (Yamada et al., 2004). The average amount of biological resources sold was the highest in
the mountain villages, USS 85 yearhousehold™?, followed by the hillside villages at USD 41/year/household, and
lowland villages at USS 23/year? household!. These amounts represent 53, 27 and 18 % of total household cash
income, respectively.

This and other studies have shown that the income from aquatic organisms can significantly complement, if not
double, the revenue from rice farming. A study by Muthmainnah (2015) showed that the income from aquatic
organisms in rice paddies was indeed more than that of rice farming only (1100 USS per local community as
compared to 800 USS per local community).

Beyond the direct benefit of increasing the farmers’ income through the cultivation of aquatic species, there are
also seems to be an indirect benefit through the increase of rice yields. Halwart and Gupta (2004) analyzed data
from five different countries from Asia, including the Philippines, and found that in 80% of the cases, the
introduction of fish led to higher yields (by at least 2.5 %) than without fish. The authors explain this increase by
a decreased likelihood of weeds and stemborers which inevitably leads to healthier rice plants.

B. WINTER FLOODING

Studies from California documented the different effect of winter flooding versus no flooding on the provision
of habitat to aquatic water fowl with its concomitant benefits for recreational activities such as hunting (i.e.
cultural ecosystem services). There was no difference in yield between winter flooded and non-flooded fields in
57 of 58 cases (98%) (effect size). In one case (2%), there was a yield increase in flooded fields. For statistically
significant data, there was an increase in yields when fields were flooded in 5 out of 6 cases (83%). In the
remaining case, there was no difference (17%).

For effect size data, habitat decreased in six out of 33 cases when fields were flooded (18%). In nine cases there
was no difference (24%). In 18 cases (58%), habitat provisioning increased when fields were flooded. For
statistically significant data, habitat increased in nine out of 35 cases (26%) when fields were flooded. In 19 cases
there was no difference (54%). In seven cases (20%), habitat provisioning decreased when field were flooded.
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Figure 8. Data with statistical significance and effect size of 30 % is shown for California in irrigated lowland
systems.
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INCREASE IN RICE YIELD VERSUS NUTRIENT CYCLING AND SOIL FERTILITY

“An adequate and balanced supply of elements necessary for life, provided through the ecological processes of
nutrient cycling underpins all other ecosystem services” (Millenium Assessment, 2005, p. 333)

Agricultural management impacts nutrient cycling and soil fertility leading to either nutrient excess or nutrient
deficiencies. Especially the cycles of four key elements Nitrogen (N), Phosphorus (P), Sulfur (S) and Carbon (C)
have been strongly affected through human interventions. Nutrient excess can have detrimental impacts on soils
or waterways, when high nutrient loads lead to eutrophication or GHG emissions. This section is therefore closely
linked to section 1 on water quality and section 4 on GHG emissions.

While the increased production and use of N has led to increased vyields, there has been an increase in GHG
emissions and an increase in water and soil pollution. A global study estimates N-input in croplands at 169 Tg N
per year. Synthetic fertilizer, biological N fixation through N fixing crops, atmospheric deposition, animal manure
and crop residues account for 46%, 20%, 12%, 11% and 7% respectively (Smil 1999). While synthetic N fertilizer
has led to significant yield increases in the past, much of the N is lost to the environment via denitrification, NH3
volatilization, surface runoff and leaching (Raun and Johnson 1999). Also P is accumulating in ecosystems, leading
to eutrophication of waterways.

Additional to the issue of nutrient oversupply through fertilization practises, also other agricultural management
practises interfere with natural nutrient cycling processes. Tillage disrupts nutrient cycling, and so does the use
of pesticides by reducing affecting essential soil biota. Cover crops, soil rotations, no-till practises and the use of
hedge rows, for example, have shown to be good indicators for healthy nutrient cycles (Millennium Assessment,
2005).

While there were hardly any data on these latter factors in the research papers screened for this study, there
has been a lot of work on different fertilizer regimes with regards to yield increases and nutrient cycling and soil
fertility, as discussed below. Indicators that have been use to describe soil fertility are listed in the Annex.

A. IRRIGATED LOWLANDS

A. USING MINERAL AND ORGANIC FERTILIZER TOGETHER INSTEAD OF MINERAL FERTILIZER ONLY

There was a suite of different studies that compared the use of mineral fertilizer only to a joint application of
mineral and organic fertilizer. The studies used different indicators ranging from a count of nutrients in the soil,
to bulk density, straw decomposition and N recovery efficiency.

The N recovery efficiency is a widely used proxy for nutrient cycling and soil fertilty, i.e. the N that is actually
taken up by the crop species or stored in the soil, instead of being lost to waterways and the atmosphere (Krupnik
et al., 2014). For instance in China, N recovery efficiency was as a low as 27% in the period of 2001 to 2005 for
major cereal crops, including rice (Zhang et al. 2007). During the same period, the USA had average rates of 52%
while in Europe average values were 68% (Ladha et al. 2005).

There are many factors that can lead to an increase in N recovery efficiency. The fertilizer amount applied, and
the timing and application methods play important roles together with environmental and climatic factors such
as precipitation regime, soil texture (clay particles can fix ammonium) and soil quality (e.g. pH level). Also plant
physiological aspects play a role, like rooting depth.

The vote counting study included a paper that showed the effect of C inputs on N recovery efficiency through an
addition of organic fertilizer. When the C balance increases, it can also affect the N balance, because the C/N
ration in soils is relatively constant (Cassman et al., 2002). Other indicators showed effects such as bulk density
increases or nutrient counts.
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In total, out of 16 comparisons showing soil fertility impacts, in 3 cases there was an increase in soil fertility when
organic fertilizer was added to the mineral one. In 13 cases there was no difference when comparing both
treatments (effect size). For statistically significant data, there was no difference in 12 cases, 1 increase and 1
decrease. It is difficult to draw any conclusions from the results. Not only is the sample size very small, but also
the time of the experiments seems to be too short to see any changes take place after the organic amendment
has been added to the soil.

As for yields, in all cases (25 out of 25, 100%), there was no difference between the two treatments (effect size
data). For statistically significant data, yields declined in 2 cases out of 15 (20%), while in the other cases (80%)
there was no difference.

Studies that compared synthetic fertilizer only and a mix of synthetic fertilizers and rice straw also analyzed the
effect on GHG emissions. There were 19 out of 26 cases that showed no difference in emissions (73%). In seven
cases, however, GHG emissions increased and the mitigation potential was reduced when combining mineral
and organic fertilizer (27%) (effect size data). There were no statistically significant data.

As for habitat provisioning, for effect size data, there was an increase in habitat in three of four cases when
fertilizers were mixed (75%). When considering the statistically significant data, there was no statistical
difference in three cases, while there was an increase in habitat provisioning in one case (25%).

B. USING ORGANIC FERTILIZER INSTEAD OF NO ADDITION

Several studies analyzed the use of organic fertilizer to no addition of fertilizer. In terms of nutrient cycling and
soil fertility, they found that in two of four cases there was an increase in soil fertility when organic fertilizer was
used. In the other two cases there was no difference between using organic fertilizer and no treatment (effect
size data). For statistical significant data, there was an increase in nutrient cycling and soil fertility in all cases
(two out of two). As for yield, in five out of 14 cases there was an increase in yield while in the remaining nine
cases there was no difference (both effect size and statistical significant data).

Please see also results from section 3 a where straw incorporation was compared to rice straw burning.
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Figure 9. Data with statistical significance and effect size of 30 % is shown for all five case study countries in
irrigated lowland systems in the Philippines and in Senegal.

C. NO TILLAGE VERSUS CONVENTIONAL TILLAGE

A limited amount of data has been found on no tillage versus conventional tillage and includes mainly research
in California. For effect size data in seven out of seven cases (100%) no differences have been found in yield
between no tillage and conventional tillage. In four out of four cases (100%) no significant differences have been
found for the statistical data. In five out of six cases (80%) no differences are shown in soil fertility status (effect
size). In one case (20%) there was a decrease in soil fertility, due to a reduction in straw decomposition under no

tillage systems. For the statistical data there was no significant difference in soil fertility in four out of four cases
(100%).
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Figure 10. Data with statistical significance and effect size of 30 % is shown for California in irrigated lowland
systems.
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B. RAINFED LOWLAND

A. USING MINERAL AND ORGANIC FERTILIZER TOGETHER INSTEAD OF MINERAL FERTILIZER ONLY

Regarding yields, there was no difference in 14 out of 22 cases (63%), and a decrease in 8 cases (27%) (effect size
data) when fertilizers were mixed. For statistically significant data, there was no difference in five cases of ten
cases (50%), and a decrease in the remaining five cases (50%).

As for soil fertility, in two of four cases there was an increase when fertilizers were mixed (50%) and no difference
between the two treatments for the other two (50%) (effect size data). There were no statistically significant
data.

Statistical significance . ' .

Mineral + organic fertilizer
application-

mineral fertilizer
11
. : Y
Size effect 1 ' ' 3

Food production  Soil fertility Water quality Pest control Mitigation of Freshwater saving Habitat
enhancement Greenhouse provisioning

® Increase ® Decrease © No difference/No significance gas emission

Figure 11. Data with statistical significance and effect size of 30% is shown for Cambodia in rainfed lowland
systems.
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C. RAINFED UPLAND

A. USING MINERAL AND ORGANIC FERTILIZER TOGETHER INSTEAD OF MINERAL FERTILIZER ONLY

Regarding soil fertility, there was an increase in fertility in two out of 28 cases when mineral and organic fertilizers
were mixed, and there was no difference in the remaining 26 cases (effect size data). For statistically significant
data, there was no difference in 15 cases out of 20 cases (75%), and an increase in five cases (25%).

As for yields, in all cases (20 out of 20, 100%), there was no difference between the two treatments (effect size
data). For statistically significant data, yields declined in three cases out of 20 (15%), while in 17 cases (85%) there
was no difference.

B. USING ORGANIC FERTILIZER INSTEAD OF NO ADDITION

Several studies compared the use of organic fertilizer to no fertilizer addition. In terms of nutrient cycling and
soil fertility, they found that in 55 out of 62 cases there was no difference when organic fertilizer was used (89%).
In 6 cases there was an increase in soil fertility (10%) (effect size data). For statistically significant data, they found
that in 31 out of 43 cases (72%) there was no difference when organic fertilizer was used. There was an increase
in nutrient cycling and soil fertility in 12 out of 43 cases (28%).

As for yield, in all six cases (100%) there was no difference in yield when organic fertilizer was used (effect size
data and statistical significant data). All these data points come from one study undertaken in the Philippines
which tested the effects of rice husk and carbonized rice husk (a form of Biochar) on soil fertility and yields
(Haefele et al. 2011). These experiments on different soil types showed that the application of untreated and
carbonized rice husks can increase total organic carbon, total soil N, the C/N ratio, and available P and K in poor
soils, where the crop suffers from water stress. The soil improved both chemically and physically by 16—35%. No
effects were found in fertile soils. The effect on yield is surprising as many studies from other food crops have
reported sharp yield increases when biochar was applied (e.g Lehman and Rondon, 2006), but the Haefele et al.
(2011) study might have been too short to pick up on these effects.
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Figure 12. Data with statistical significance and effect size of 30 % is shown for the Philippines and Senega in
rainfed upland systems.
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INCREASE IN YIELD VERSUS PREVENTING PEST AND DISEASE OUTBREAKS

As described in the previous sections, in most parts of the world, rice agriculture is heavily dependent on
agricultural inputs. Pesticides and herbicides are applied to address pest outbreaks and weed manifestation.
While effective in the short run, the use of pesticides over time will have negative impacts on the natural enemy
community that can provide natural forms of pest control, and have led to massive outbreaks from pests that
have become resistant.

For example, the greatest single cause of brown planthopper (Nilaparvata lugens (Stdl)) outbreaks is pesticide
use. Ample evidence shows that these planthoppers are an insecticide-induced resurgent pest, which has
adapted itself even to rice varieties which were developed to be resistant against this rice pest (e.g. Settle et al
1996, Heong et al., 2015). In a healthy rice system, the number of invading and reproducing plant hoppers is
controlled by natural enemies (e.g. spiders, insectivorous bats, parasitic wasps), yet when such predators and
parasitoids are reduced or absent through early pesticide spraying, invading pest populations grow
exponentially, which results in pest outbreaks and consequent crop damage.

There were no study results in the case study countries that documented the building of a natural enemy
community to prevent pest, disease and weed outbreaks in order to avoid the use of chemical inputs — yet
evidence of this effect exists from other parts of the world as discussed below. Studies in the included case study
countries, more broadly, focused on different aspects of pest control, comparing the effect of chemical, cultural,
mechanical, genetic and biological pest, weed and disease control mechanisms.

Cultural, genetic and mechanical pest and disease control generally harm natural enemy communities have a
reduced to positive impact on water quality when compared to chemical interventions. Most pest management
practices apart from pesticide and herbicide use increase the probability that natural enemy communities build
up over time clear understanding of the habitat requirements of natural enemy communities is important to
increase the impact of these disease control mechanisms.

|ll

By means of so-called “conservation biological control” this probability can be increased: additional to the
elimination of negative influences that suppress natural enemies, such as pesticides, it involves the intentional
enhancement of systems to provide habitat for natural enemy populations (IRRI, n.d; Veres et al. 2013, Chaplin-

Kramer et al. 2011).

Integrated Pest Management (IPM) is an approach that builds on these principles. It is an ecosystem approach
to crop production and protection that combines different management strategies and practices to grow healthy
crops and minimize the use of pesticides. According to the FAO, definition it means “the careful consideration of
all available pest control techniques and subsequent integration of appropriate measures that discourage the
development of pest populations and keep pesticides and other interventions to levels that are economically
justified and reduce or minimize risks to human health and the environment. IPM emphasizes the growth of a
healthy crop with the least possible disruption to agro-ecosystems and encourages natural pest control
mechanisms” (FAQ, 2015).

Work by Settle (1995) describes how the building of organic matter enhances the habitat of natural enemy
communities, thereby supporting high levels of natural biological control. If organic matter is increased early in
the growing season, abundant populations of detritus- feeding and plankton-feeding insects will be fostered,
usually peaking and declining in the first third of the season. These insects have no impact on rice yields, either
positive or negative- but their populations provide natural enemies of rice pests a “head start” —to build up their
populations early in the season so as to be able to strongly suppress the pest populations which enter the paddy
in mid-season. Pesticides early in the season will prevent the strong build-up of natural enemies, killing both
them and their early-season food source.
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Apart from promoting a strong natural enemy community from resident populations, agricultural management
can actively introduce biological control agents that control insects, diseases and weeds. IRRI (n.d.) has done
several test of controlling rice diseases with agents such a bacterial antagonists of the genus Pseudomonas and
Bacillus, and fungal organisms of the genus Penicillinum and Myrothecium. For example, laboratory experiments
have shown that a treatment with antagonistic bacteria can reduce bakanae disease (Fusarium fujikuroi) by 72
to 96% (IRRI, n.d.).

However, while there is ongoing research on biological control in rice, there is little adoption of these biological
management practices (Lou et al., 2013). In the Philippines, conventional farms are encouraged to use Integrated
Pest Management (IPM) to combat pests. As in much of Asia, IPM is currently rarely practiced among Filipino
farmers, however. Proper IPM demands that farmers monitor their fields for pests and take actions against pest
damage once a threshold is reached. Farmers are encouraged to apply non chemical control measures including
traps, lures or biocontrol agents, before resorting to chemical pesticides. Whether IPM can increase rice yields
depends on the potential for insects to reduce yields. Estimates of yield losses from insects vary greatly, but at
normal levels insect damage to rice in the Philippines is very low, such that management actions may have little
contribution to overall rice yield (Heong et al. 2015).

In Costa Rica, CONARROZ is exploring IPM with biological control methods to suppress the Panicle Rice Mite using
Hirsutella nodulosa, Bacillus thuringiensis, or predatory mites (Sanchez, 2011). In Senegal, FAO promotes
Integrated Production and Pest Management (IPPM) programs which aim to provide farmers with new skills and
knowledge to increase yields by using ecological methods, including biological pest control (FAO, n.d.; Settle &
Hama Garba, 2009). In Cambodia, there has been no published research on biological control mechanisms. Yet a
recent newspaper article in the Cambodian Post (http://www.phnompenhpost.com/special-reports/studies-

biocontrol-agents-yields-high-results) documented the implementation of some ASEAN national guidelines to

regulate the trade and use of biological control agents. Keng Sophea, deputy director of the Department of
Horticulture and Subsidiary Crops, presented some positive results from trials that were using the fungus
Trichoderma in rice. He also acknowledged, however, that the use of biological control might require initial
training and capacity building among farmers.

Another way of biological pest and weed control which used to be an ancient rice-growing practice is currently
being rediscovered in Asia: the introduction of ducks to rice fields, which not only feed on weeds and insect
larvae, but also provide natural fertilizer through their droppings. A book by the Japanese author Takao (2001)
called “The power of duck” on this subject area even made it into some of the prominent European newspapers,
e.g into The Guardian (http://www.theguardian.com/science/2012/jan/24/japan-farming-technique-duck-
pesticide ).

A. IRRIGATED LOWLANDS

The following practices fall under the category of “Cultural control” which aim to modify production practices in
a way that allow for better control of pests, weeds and diseases. At the same time, many of these control
mechanisms also strengthen natural enemy communities over time, or make rice plants more resilient against
pest attacks. However, a change of production practices may affect yield. Each type of intervention therefore
needs to be weighted carefully.

A. RICE STRAW BURNING

Rice straw burning is a common measure for controlling pests, weeds and diseases. However, as described in an
earlier section, the air pollution linked to burning has led policy makers to forbid rice straw burning in many parts
of the world, particular adjacent to large human settlements. The alternative measures eliminate the incidence
of air pollution, yet pest, weed and disease control can be a problem in these cases. In a study on stem rot disease
Sclerotium orzae (Cintas & Webster 2001) where straw burning was replaced by either straw crushing and rolling
into the soil, soil incorporation or by straw baling and removal, pest control decreased drastically in all cases,
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both for effect size and statistically significant data. However, burning destroys the buildup of natural enemy
populations, and is therefore not a recommended management practice to control pests over the long-run.

As for yields, looking at effect size data, in almost all cases, there was no difference between burning and the
three alternative management options in terms of yield, irrespective. Rolling showed no difference in 31 out of
32 cases (97%), incorporation showed no difference in 28 out of 32 cases (88%), and baling and removal showed
no difference in all 32 cases (100%).

For statistically significant data, rolling showed no difference in 12 out of 14 cases (86%), one decrease (12%) and
one increase (12%). Incorporation showed no difference in nine out of 14 cases (64%). In four cases of 14 it
showed reduced yields when straw was incorporated as compared to burning it (29%). In one case (7%) it showed
an increase. Baling and removal showed no difference in 12 out of 14 cases (86%), and a decrease in two cases
(14%).
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Figure 13. Data with statistical significance and effect size of 30 % is shown for California in irrigated lowland
systems.
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B. WINTER FLOODING

Winter flooding was found to be a good alternative to straw burning in order to control the disease Sclerotium
orzae. Both for effect size and statistically significant data, the disease incidence decreased in five of six cases
(83%) and pest control increased. In one case there was no difference (17%).

As to be expected, this had a positive effect on yields as the disease was controlled better. For statistically
significant data, yields were higher in five out of six cases (83%) when fields were winter flooded. In the remaining
case, there was no difference (17%). For effect size data, there were no difference in yield in 57 out of 58 cases
(98%). In one case, yields increased with winter flooding (2%).
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Figure 14. Data with statistical significance and effect size of 30 % is shown for California in irrigated lowland
systems.

Weeds can be effectively controlled by continuous flooding. In an experiment in the Philippines (Bhagat et al
1999), weed biomass increased when improved water management practices were applied instead of continuous
flooding. In three out of four cases weed control was compromised when soils were no longer covered by water
(effect size data). In one case there was no difference. Yields decreased in four out of eight cases (50%); and no
difference was shown for the other four cases (50%) (statistically significant data).

However, one needs to be aware that while flooding is a good control mechanism for some diseases or weeds,
in other cases the opposite might be the case. Experience has shown that temporary drainage of rice paddies
can successfully combat pest such as grasshoppers, water weevils, or whorl maggots by affecting their respiration
(IRRI, n.d. b). There was no data in this respect in any of the five case study countries however.

Researchers have found that by changing the nutrient content of crops, the rate of fertilizer use can influence
plant defenses (Chen & Ni, 2011). The research shows that there is more plant damage from pests in nitrogen-
fertilized crops, as high nitrogen levels in plant tissue can decrease resistance and increase susceptibility to pest
attacks. The use of no or lower fertilizer rates can therefore be highly effective in suppressing certain pests, yet
yields may be lower. There was no data showing these effects in any of the five case study countries however.

While decreasing the use of fertilizers can increase the plant resistance to pests, fertile soils, on the other hand,
have positive effects on pest and weed resistance of rice crops. Research in upland systems has shown that
improving soil fertility through the introduction of leguminous shrubs and trees or the incorporation of crop
residues and green manure, for instance, enables rice crops to better compete with parasitic weeds such as Striga
(Elezein & Kroschel 2003; Kayeke et al. 2007). There were no data in this respect in any of the five case study
countries.
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Many other cultural mechanisms that suppress pests, weeds and diseases are available. Planting trap crops, crop
rotations or intercropping are just a few more examples. Yet as our literature research has shown there is hardly
any scientific evaluation of these practices available. Likewise, hardly any studies covered biological, mechanical
or genetic control in the five case study countries.

C. NO TILLAGE AND STALE SEEDBEDS VERSUS CONVENTIONAL TILLAGE (IL)

A limited amount of data has been found on practicing no tillage in combination with stale seedbeds versus
conventional tillage and includes only research in California. For effect size data in seven out of seven cases
(100%) no differences have been found in yield between no tillage and conventional tillage. In four out of four
cases (100%) no significant differences have been found for the statistical data.

In one out of two cases (50%) no differences in weed control were found (effect size). In the other case (50%)
there was an increase in weed control (both for effect size and statistical significant data), showing that no-till
practices in combination with stale seedbeds can control better for weeds than conventional tillage. The sample
size is too small however to draw any conclusion from this experiment.
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No tillage - conventional
tillage

Size effect ’ 1 .
7

Food production  Soil fertility Water quality Pest control Mitigation of Freshwater saving Habitat
enhancement Greenhouse provisioning
gas emission
® Increase ©® Decrease No difference/No significance

Figure 15. Data with statistical significance and effect size of 30 % is shown for studies from California in irrigated
lowland systems.

D. WEED COMPETITIVE VARIETY SAHEL 202 - VARIETY SAHEL 108 (IL)

A study conducted in Senegal by Rodenburg et al (2014) tested two local rice varieties on their yield and weed
competitiveness. Sahel 202 is known as a relative strong competitor against weeds, while Sahel 108 is identified
as a relative weak weed competitor. The advantage of Sahel 108 is a shorter growing period (113 days versus
125 days for Sahel 202). For both size effect and statistical significant data no differences in weed biomass have
been found.

In 2 out of 5 cases (40%) yield was higher for Sahel 108 compared to Sahel 202. In 3 out of 5 cases (60%) Sahel
202 yielded higher (size effect). Statistical data showed a significant increase in yield for Sahel 202 over Sahel 108
in 3 out of 5 cases (60%). In 1 case (20%) no significant difference were found and in 1 case (20%) a decrease in
yield.
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Figure 16. Data with statistical significance and effect size of 30 % is shown for studies from Senegal in irrigated

lowland systems.
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5. CONCLUSIONS

The study set out to determine the trade-offs resulting from different management objectives of rice production
systems. It aimed to identify impacts caused by rice production as well as the dependencies of the rice production
systems on natural resources, ecosystem services and man-made inputs.

In a second step, the study looked into available rice management options which address the identified trade-
offs, particularly those that lead to synergies when trying to reach different management objectives at the same
time.

This was done through a narrative report and a biophysical assessment based on a vote-counting analysis. The
analysis showed the effect of a specific management practice or management system on different response
variables such as food production, water consumption or soil fertility which either increased, decreased or
maintained it status quo with the change of a management practice or system.

As a general conclusion and before going into more detail, it is important to remark that:

1. Most research on rice is currently focused on yield increase. Little has been published on the impact of rice
production on natural resources and human health. The role of ecosystem services in rice production is widely
under researched and often mentioned only indirectly, if at all.

2. Within the limited literature on environmental impacts, most has been published on the effect of rice
production on water consumption.

3. The role of ecosystem services in rice other than food production is not a common area of research. Ecosystem
services are either portrayed as an integral part of an alternative management practice replacing man-made
inputs to production, or they are documented as a response variable which is being affected by a specific
management practice.

4. Most research has been undertaken in irrigated lowland systems, while there is little information on rainfed
lowland and rainfed upland systems.

5. The studies covered a large variety of different rice management practices, which clearly shows the diversity
of how rice farming is practiced around the world. However, few of the same rice management practices were
repeated and compared often enough, to draw firm conclusions on their impacts - apart from yields which are
relatively well researched.

INCREASE IN RICE YIELD VERSUS MAINTENANCE IN WATER QUALITY

In most parts of the world, rice agriculture is heavily dependent on agricultural inputs. Synthetic fertilizers are
used to boost yields, while pesticides and herbicides are applied to address pest outbreaks and weed
manifestation. Weed outbreaks can cause losses in rice production and thereby lower the income of farmers,
while it is still unclear whether pesticides (particularly insecticides) actually increase rice yields (Heong et al.
2015). While the occurrence of pest species as such is not a problem, it becomes problematic when pest species
rise to epidemic levels beyond the control of biological, cultural, or mechanical systems.

One of the main reasons for uncontrolled pest outbreaks is the misuse of pesticides. Not only is rice production
itself affected, but also the adjoining waterways, their wildlife such as fish and birds, and the supply of drinking
water. Finding alternative ways to address pests is therefore very important.

Another reason is the increased use of fertilizer. Increasing fertilizer use often leads to higher disease incidence
and a greater abundance of herbivorous insects and mites. This, in turn, often leads farmers to apply higher
levels of pesticides and thereby reduce ecosystem efficiency and reduce water quality (Horgan and Crisol 2013;
Spangenberg et al. 2015).
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This study sought to analyse the difference in impact between practices that a. omitted the use of chemical
pesticides and herbicides, and b. that used different rates of pesticides and herbicides.

Conclusions can only be drawn for irrigated lowland systems, since there was insufficient data for rainfed systems
from the five case study countries. The evidence suggests that pesticides, in this vote counting analysis mostly
insecticides, and herbicides have a positive impact on yields, and at the same time, a strong negative effect on
water quality.

While the sample size is not large enough for any firm conclusions to be drawn, there is evidence that biological
control mechanisms, in combination with manual or mechanical control, can replace herbicide applications.
Studies show that both have the same strong positive effects on rice yield. Meanwhile, water quality is only
affected when herbicides are used. Other weed management practises that rely on hand or mechanical weeding
only are not only very labour intensive, but have shown to lead to reduced yields. Studies that examine these
effects as parts of integrated systems are largely unavailable, however.

INCREASE IN RICE YIELD VERSUS REDUCTION IN WATER USE

Worldwide, about 80 million hectares of irrigated lowland rice provide 75% of the world’s rice production. This
predominant type of rice system receives about 40% of the world’s total irrigation water and 30% of the world’s
developed freshwater resources. While water usage is high, in some flood based systems, irrigation water is
returned to river systems and contributes to environmental flows. The dependence on water of the rice farming
sector is a huge challenge as freshwater resources are also becoming increasingly depleted due to competing
water uses from the residential and industrial sector and as rainfall is increasingly erratic due to climate change
and variability. More efficient water use is therefore a must, yet it carries a number of trade-offs as this study
has shown.

Improved water use efficiency has become a central topic for research. While the primary aim of improved water
management is to improve irrigation water use efficiency, rice yields may in some cases be compromised. As our
study has shown, in two third of all cases, yields were not affected when water consumption for irrigation was
reduced. However, in the remaining third, the results showed decreased yields. This outcome strongly depends
on the type of improved water management that is practised though. While alternate wetting and drying does
not have an effect in most cases, rice yield in aerobic soils can be significantly compromised. The System of Rice
Intensification (SRI) includes intermittent flooding as part of a production package. Also here, by large, yields are
not affected by the water saving regime.

In terms of water savings, almost two third of all studies found that improved water management led to
significant water savings. Yet, more than a third of the studies found no large differences in water consumption
compared to continuously flooded systems. This was explained by a range of context specific factors such as low
water tables, low percolation rates and small water inputs, in the first place. Surprisingly, in our study, water use
was not reduced in most of the cases when SRI was practiced. Although it needs to be noted that the sample size
of this study was not large enough for any firm conclusions regarding SRI, and that no statistically significant data
was available.

One also needs to be aware that water saving measures in these studies have been confined to field level. For
comprehensive conclusions regarding water savings, one would need to implement a water accounting
framework that includes measurements that go beyond the local level alone. None of the studies included in this
analysis did such a comprehensive assessment.

Furthermore, one also needs to take the trade-offs into account that might be linked to water savings. For
example, water saving regimes will increase the weed biomass as flood irrigation suppresses weeds. Our study
showed that pest and weed control indeed decreased in the majority of all case although the sample size was
not large enough to draw any firm conclusions. On the positive side, GHG emissions tend to decrease with
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improved water management. Nonetheless, due to an insufficient sample size, this could not be demonstrated
in this vote counting analysis. There was also not sufficient data that demonstrated the effects of improved water
management on habitat provisioning, but evidence from other countries clearly shows effects on this response
variable as natural habitat for aquatic organisms and water birds diminishes when continuous flooding is not
provided.

INCREASE IN RICE YIELDS VERSUS REDUCTION OF AIR POLLUTION

In Asia alone, 60% of the continent’s 550 million tons of rice straw are being burnt in the field each year. Air
pollution can be easily addressed by substituting straw burning with an alternative management practice. There
are several alternative management options to burning residues, with effects on several response variables.
Straw might be rolled with a heavy roller to crush the straw into the soil surface, it might chopped and then
incorporated using a chisel plow or disc, or it can baled and removed.

The results of the vote counting analysis showed that in the majority of all cases, yield was not affected when
alternative crop residue management practices to rice straw burning were chosen and significant air pollution
was avoided — a clear synergistic effect. However, this was only the case when sufficient mineral fertilizers were
applied to the field. When no fertilizers were used, yield dropped by half. Under these conditions, incorporation
of rice straw proved to bring the yields back up to almost maximum levels —however only after a couple of years.

These positive effects are clearly linked to the effect of rice straw incorporation on nutrient cycling and soil
fertility. Residues incorporated in the soil increase microbial activity, they help to prevent erosion, positively
affect soil structure and add carbon and organic matter to the soil. However, it takes time until these effects
show as incorporating rice straw into the wet soil results in temporary immobilization of N through high C levels.
In general, it needs to be noted that effects of rice straw addition on soil fertility are poorly studied — also this
analysis did not have a large enough sample size to draw firm conclusions.

An important trade-off linked to changing from straw burning to other management practices is the incidence of
pest and disease outbreaks. While straw burning is often used as a cost-effective pest and disease control
practice, all other residue management strategies need alternative pest control mechanisms. California, for
instance, reverted to residue incorporation in combination with winter flooding to suppress weed growth.

Removing and baling rice straw is another promising practice that has found particular interest within the global
discourse on bioeconomy. Rice straw is often thought to be a free (waste) resource available to produce energy,
be it for bioelectricity, biogas or even liquid fuels for transport. Ongoing studies clearly show however, that
logistics are most likely to be too expensive to make rice straw energy a profitable business. Rice husks, on the
other hand, have been shown to be a valuable resource when used directly at the milling sites — as raw material
which can fuel part of the milling or rice-drying operations.

Some integrated farming systems that have both crops and livestock, also rely on rice straw as bedding material
or as (supplementary) animal feed, albeit of low nutritional value.

INCREASE IN RICE YIELD VERSUS REDUCTION OF GHG EMISSIONS

Global estimates attribute about 89 % of rice global warming potential to CHs emissions which are due to flooding
practices in irrigated and rainfed lowland systems (Linquist et al., 2012). To a smaller degree, emissions from rice
straw burning impact global climate change through CO2 emissions. And also the production and application of
N-fertilizers contributes to the rice global warming potential. In addition to rice production being a major emitter
of GHGs, rice systems also sequester carbon via soil organic carbon in top soil. Yet overall, rice production is a
net producer of greenhouse gas emissions. Global rice production has been estimated to emit between 500 and
800 million tons of CO, equivalent per year, which represents around 10 percent of total agricultural GHG
emissions and 1 percent of global GHG emissions (Searchinger et al. 2014).
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Practices that reduce water consumption and hence also reduce the flooding time of irrigated lowland systems
tend to also reduce GHG emissions. While this study showed a trend in this direction, the results were largely
heterogeneous and no firm conclusions could be drawn. Data on GHG emissions from different residue
management practices was very scarce. In some cases, straw incorporation decreased GHG emissions compared
to rice straw burning, while in other cases emissions remained the same as the reduction in CO2 emissions from
burning was substituted by CH4 emissions from decomposing organic matter in standing water. Organic fertilizers
seem to lead to larger emissions than mineral fertilizers, yet again, the sample size was not sufficient enough to
draw firm conclusions.

Practices that reduce water consumption had also heterogeneous effects in yields, albeit in two thirds of the
cases yields remained the same, while in one third yields declined.

The effect of different residue management practices on vyields is less clear, and it would be wrong to draw
general conclusions from the one (and only) paper) ( Eagle et al. 2000) that compared different alternatives to
rice straw burning in this section. In this study, the yields were clearly not significantly affected when different
residue management practices were chosen, be it burning of rice straw, incorporation or removal as long as
mineral fertilizers were consistently applied. When mineral fertilizers were not applied, there was a drop in
yields. In the case of rice straw incorporation, yields recovered however after three years, before dropping again
in year five. The long term effects, both for mineral and rice straw, beyond year five were not studied. Looking
at long term experiments from other parts of the world showed that fertilizer use, both organic and mineral, do
increase rice yields.

INCREASE IN RICE YIELD VERSUS HABITAT PROVISIONING

The practice of flooding fields for rice production has existed for many hundreds of years providing habitat for a
wide range of organisms such as aquatic plants, fish and waterfowl. These occur naturally or as a result of
cultivating aquatic organisms within the available water (Halwart & Gupta, 2004). Rice-fish production can be
done concurrently or as rotational crops and can involve many species beyond fish including crabs, prawns,
turtles, and mollusks. The breadth of biodiversity in rice fields however, extends far beyond what is intentionally
cultivated. A study in 1979 recorded 589 total species of organisms in a rice field in Thailand, of which 18 were
species of fish and 10 were species of reptiles and amphibians (Halwart & Gupta, 2004). Thus, the value of aquatic
biodiversity in flooded-rice production extends far beyond the traditional interpretation of rice cultivation.

While out of the five case study countries there was only one reported case in the peer reviewed literature which
documented and quantified the importance of habitat provisioning of rice systems for overwintering winter fowl
(see narrative review, California) with its concomitant benefits for recreational activities such as hunting (i.e.
cultural ecosystem services), there are plenty of studies around the globe that report on rice as an important
wetland habitat. Tonle Sap in Cambodia for example, is a major rice producing region, and at biosphere reserve
at the same time.

The specific study from California showed clear synergies between rice production and the provision of habitat.
In almost three quarters of all cases, rice yields increased with habitat provisioning through winter flooding.

There were no studies that compared the effect of pesticides and herbicides on yields and on habitat provisioning
for aquatic species and water fowl at the same time. Studies that only looked at habitat impacts showed clear
results, however. For example, Mullie et al (1991) studied the toxicity of irrigation water after Carbofuran
application (which used to control rice stem borers) on aquatic organisms in Senegal. They found a significant
decrease of aquatic macro invertebrates after Carbofuran application, meaning that Carbofuran is highly toxic
for non-target species. Parsons et al (2010) conducted research on the effect of different pesticides on birds in
rice fields on a global scale and concluded that various pesticides are highly toxic for birds. Pesticides in
waterways can be widespread and besides the direct effects, several indirect effects are reported (e.g. reduced

prey).
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INCREASE IN RICE YIELD VERSUS NUTRIENT CYCLING AND SOIL FERTILITY

Nutrient cycling and soil fertility underpin many ecosystem services, and are hence one of the essential “inputs”
for sustaining rice production as such. It is therefore logical that an increase in rice yield is closely linked to the
well-functioning regulation of nutrient cycling and soil fertility, which depend on a suite of biological, chemical
and physical processes over space and time. Studies on this essential ecosystem service are scare however. The
few studies that exist compare the effect of different fertilizer regimes on crop yields and to a lesser degree on
soil fertility. Research revolves around the question whether mineral fertilizers can be partially replaced by
organic ones without compromising soil fertility and yields. Or whether certain organic amendments such as rice
straw actually increase soil fertility at all. While the effect of rice straw incorporation does have a positive effect
on soil fertility and yields on the long run as discussed above, the sample size of this vote counting analysis was
too small to draw any clear conclusions. The effect of other organic fertilizers such as green and animal manure
(e.g the water fern azolla, or duck droppings), intercropping or crop rotations is hardly documented and
quantified in any of the five case study countries.

INCREASE IN YIELD VERSUS PREVENTING PEST AND DISEASE OUTBREAKS

There were no peer reviewed studies that documented the building of an ecological community of natural enemy
species that prevent pest and disease outbreaks. Although thisis an integral part of Integrated Pest Management,
the little that has been published on the subject area was not published in any of the five case study countries.

The same holds true for the deliberate introduction of biological control agents. While this seems to be a
promising way to avoid chemical plant protection measures, there has been no peer reviewed study in any of
the five countries.

To some extent, the study showed alternative management practices to chemical pest control such as the
cultural mechanisms or mechanical practices. These — while not actively promoting a natural enemy community
— passively provide a favourable environment for the development of an ecological infrastructure that can host
natural enemy species. Other advantages are the usually low expenses, the low(er) environmental impacts and
the fact that pests are not likely to develop resistances as compared to chemical interventions.

On the negative side, some of the chemical free practices decrease yields. Also, many of these approaches
require the adoption by the entire community in order to make them effective.

CHALLENGES OF THE VOTE COUNTING ANALYSIS

Further meta-analytical research is needed to fully understand the tradeoffs among different rice management
approaches. To conduct a comprehensive meta-analysis, data extraction from peer reviewed studies should be
consistent. The comparison of farm practices should be equal for each study as well as the response variables
(Pittelkow et al. 2015). This TEEB study compared a large variety of rice farming practices. In total around 1500
data points over 28 different farm practice comparisons have been extracted (see Annex 2). In addition, these
data points covered a variety of response variables: seven categories of high level response variable (e.g. food
production, soil fertility) and 43 low level response variables (e.g. yield, CH4 emission, bulk density, water use,
etc.). This shows that the collected data is too variable to conduct a comprehensive meta-analysis.

As a meta-analysis is quite strict in terms of the data that is required, the vote counting has been chosen as
analysis for this project. Vote counting analyses require less data, have more simplicity and are broader
applicable (Koricheva et al. 2013). However, several challenges have been faced for conducting the vote counting
analysis. First of all, the selection of papers was rather strict. Within the comparison of two farm practices, only
one input had to be different. This resulted in the exclusion of several studies in which more than one farm input
was changed. To be clear on what practices could be included, and under what category, a list of rules has been
created, which can be found in Annex 2.
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Second, there was a lack of statistical data which is needed to conduct a vote counting analysis. Size effect data
has been introduced based on a 30% difference rule. However, this 30 % rule led to some limitations for our
study. An example of this is water use, which is a controlled farm input in the irrigated systems. Although water
use was reduced manually, in various cases this was not a reduction of more than 30%. In the vote counting
analysis it resulted in ‘no difference’ in comparison to continuous flooded systems, while even 10 or 20%
reduction in water use is already a great achievement.

This vote counting analysis gives a general overview of trade-offs and synergies between different
environmental, agronomic and ecosystem variables in rice production. It should be noted though, that the variety
of farm practices is large and are therefore subdivided in broader categories. As example, the comparison
category ‘improved water management’ contains different stages of water use reduction. A large reduction in
water use might give a reduction of yield, while a smaller reduction in water use might keep up yield. These slight
differences in amount of water use between treatments within a practice comparison category are not clearly
visible from the vote counting analysis.
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ANNEX 2

RULES AND INDEX— DRIVER CATEGORIES AND RESPONSE VARIABLES

For the vote counting analysis of the biophysical data, each comparison of a baseline treatment (T1) and a

comparison treatment (T2) has four specifications:

Specific driver
o This gives the specific treatment comparison (T1 and T2) as written in the data collection sheet.
Driver category
o Each comparison is classified into a driver category based on the practice and treatments which
are compared in the study.
Low level response variable
o This gives the specific indicator for ES used in the study, it drives the high level response
variable. Examples: yield, water use, pesticide use, etc.
o Table 2 shows for each low level response variable how it influences the high level response
variable.
High level response variable
o Each low level response variable is classified into one of the high level response variable
classifications.
o The direction of the high level response variable is induced by the driver category: the vote
counting spreadsheet shows whether the high level response variable increases, decreases or
shows no significance within the treatment comparison classified into a driver category.

Each comparison of a baseline treatment (T1) and a comparison treatment (T2) need to be categorized into the

driver categories. In order to make a correct and coherent categorization, a set of rules has been created (table

1). These rules indicate for each driver category what should be T1 and what should be T2 All other system inputs

besides the changes defined by T1 and T2 are similar for both treatments, if not, the study is excluded from

analysis.
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TABLE 1. RULES FOR DRIVER CATEGORIZATION

Driver category comparisons

Rules for T1 and T2

1. Adapted rice varieties — commonly used rice variety | Within a study/treatment:
a. T1remains unchanged for the study comparisons and is a traditional/commonly used rice variety
b. T2isanyimproved rice variety with reduced susceptibility for pests, high input use efficiency and/or
a better ability to resist climatic stresses
2. Direct seeding — transplanting Within a study/treatment:
a. T1listransplanting
b. T2 is direct seeding, as this practice can save water
3. Dryseeding — wet seeding Within a study/treatment:
a. Tliswet seeding
b. T2 isdry seeding, as this practice can save water
4. Drytillage — puddling Within a study/treatment:
a. Tlispuddling
b. T2isdry tillage, as this practice can save water
5. Land levelling — no levelling? Within a study/treatment:
a. Tlisno land levelling
b. T2island levelling
6. Minimum soil disturbance — conventional tillage® Within a study/treatment:
a. T1isconventional tillage
b. T2isanyform of minimum soil disturbance/tillage
7. No tillage — conventional tillage Within a study/treatment:
a. T1isconventional tillage
b. T2isno tillage
8. Low irrigation frequency - high irrigation frequency Within a study/treatment:
a. T1remains unchanged for the study comparisons and gives the highest irrigation frequency
b. T2 gives any lower irrigation frequency
9. Improved water management - continuous flooding | Within a study/treatment:

a. T1remains unchanged for the study comparisons and is continuous flooding
b. T2isanyimproved water management regime, either aerobic soil or AWD

10. Reduced mineral fertilizer use - high fertilizer

application

Within a study/treatment:

2 Excluded from analysis as too little data was available.
3 This treatment comparison was excluded from the analysis as too little data was available.
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a. T1 remains unchanged for the study comparisons and is the highest level (business as usual) of
fertilizer application

b. T2 isany lower fertilizer application rate

11. No fertilizer use - high fertilizer application Within a study/treatment:

a. T1 remains unchanged for the study comparisons and is the highest level (business as usual) of
fertilizer application

b. T2 has no fertilizer application; in several cases ‘no fertilizer’ input refers to the exclusion of 1

nutrient, N, P or K. In that case the other 2 nutrient inputs are equal for T1 and T2, assuming the law
of diminishing returns

12. Organic fertilizer application - mineral fertilizer | Within a study/treatment:
application* a. T1 gives a certain level of mineral fertilizer application
b. T2 is organic fertilizer application in the same nutrient application rate as T1
13. Organic fertilizer application - no fertilizer application | Within a study/treatment:
a. T1 has no fertilizer application (no mineral and organic)
b. T2 is any rate of organic fertilizer application

14. Mineral + organic fertilizer application — mineral | Within a study/treatment:
fertilizer application only a. T1 has a mineral fertilizer application

b. T2 is any rate of organic fertilizer application as an addition on top of an equal mineral fertilizer
application as T1

15. Non-chemical pest and disease control - pesticide use | Within a study/treatment:

a. Tlisany application level of pesticides, this could be different levels of active ingredients

b. T2 is always without any pesticide use; either with or without biological pest and disease control
management

16. Reduced pesticide use — higher pesticide input Within a study/treatment:

a. Tilisany application level of pesticides

b. T2 isanylower application level of pesticides than T1

17. No weed control - herbicide use Within a study/treatment:

a. Tlisany application level of herbicides, this could be different levels of active ingredients

b. T2 is always without any weed control

4In order to compare the effect on yield, water quality and GHG emissions between mineral and organic fertilizer use, one would need comparators that depart from the
same nutrient content. However, hardly any study compared exactly the same levels of nutrients from organic with nutrients from mineral fertilizer. We therefore decided
to exclude this comparison from the analysis.
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18.

Biological weed control and hand weeding - herbicide
use

Within a study/treatment:
a. Tlisany application level of herbicides, this could be different levels of active ingredients
b. T2 is always without any herbicide use and includes any form of biological weed control together
with hand weeding

19.

Hand weeding — herbicide use

Within a study/treatment:
a. Tlisany application level of herbicides, this could be different levels of active ingredients
b. T2 is always without any herbicide use and includes hand weeding

20.

Reduced herbicide use — higher herbicide input

Within a study/treatment:
a. Tlisany application level of herbicides
b. T2 isanylower application level of herbicides than T1

21.

System of rice intensification - Conventional
management practices

Within a study/treatment:
a. T1is conventional/recommended management practices
b. T2 is system or rice intensification

22.

Organic - conventional agriculture

Within a study/treatment:
a. T1is conventional agriculture
b. T2 is organic agriculture

23.

Ducks — no ducks

Within a study/treatment:
a. Tlisarice field without ducks
b. T2is arice field with ducks

24.

Stripped harvest — conventional harvest®

Within a study/treatment:
a. Tlisconventional harvest
b. T2is stripped harvest

25.

Winter flooding — no winter flooding (California)

Within a study/treatment:
a. T1isno winter flooding (including dry or puddled flooding)
b. T2 is winter flooding

26.

Straw incorporation — straw burning (California)

Within a study/treatment:
a. Tlisstraw burning
b. T2 is straw incorporation in the soil

27.

Straw baling and removal — straw burning (California)

Within a study/treatment:
a. Tlisstraw burning
b. T2 is straw baling and removal

28.

Straw rolling — straw burning (California)

Within a study/treatment:
a. Tlisstraw burning
b. T2 is straw rolling

5 This treatment comparison was excluded from the analysis as too little data was available.
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TABLE 2. INDEX: HIGH LEVEL AND LOW LEVEL RESPONSE VARIABLES

High level response variable classifications | Low level response variables of ES:
How an increase in the following low level response variables (indicators of ES) affect the high level response variables
1. Soil fertility enhancement a. Total Carbon content: Increase in soil fertility
b. Total N content: Increase in soil fertility
c. Soil available P status: Increase in soil fertility
d. Soil exchangeable K status: Increase in soil fertility
e. Soil exchangeable Ca status: Increase in soil fertility
f.  Soil exchangeable Mg status: Increase in soil fertility
g. Soil exchangeable Na status: Increase in soil fertility
h. Bulk density: Decrease in soil fertility; the lower the bulk density the better the physical soil fertility status.
i.  Nutrient balance: Increase in soil fertility
j.  Reduction in salt content: Increase in soil fertility
k. Straw decomposition: Increase in soil fertility, nutrient become available for plants
I.  Nitrogen recovery efficiency: Increase in soil fertility
2. Pest control a. Weed biomass: decrease pest control
b. Weed cover: decrease pest control
c. Pythium frequency: decrease pest control
d. Fusarium frequency: decrease pest control
e. Pythium frequency: decrease pest control
f.  Root nematode galls: decrease pest control
g. Sclerotium oryzae inoculum: decrease pest control
3. Food production a. Yield: Increase in food production
b. Seed survival rate: Potential to increase in yield and therefore in food production
c. Dry biomass of the rice produced: Increase in food production
4. Water quality a. Pesticide use: Decrease water quality; pesticides can end up in the water and cause pollution®
b. Electral Conductivity drainage water: Decrease of water quality by increasing the salinity level
c. Biomass aquatic macroinvertebrates: Increase of water quality, as water pollution could decrease aquatic fauna
abundance
d. Mean Macroinvertabrates family richness: Increase of water quality, as water pollution could decrease (aquatic)
fauna abundance

6 Although pesticide use is an input and not a direct response variable, we considered pesticide use as a low level response variable because data on water pollution was limited. Especially when
rice is grown under flooded conditions pesticides get in direct contact with open water resulting in water contamination. Research has shown a negative relation between pesticide input in
flooded systems and water quality.
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e. Mean Insect family richness: Increase of water quality, as water pollution could decrease (aquatic) fauna
abundance
f. Mean Macroinvertabrates species richness: Increase of water quality, as water pollution could decrease (aquatic)
fauna abundance
g. Mean Insect species richness: Increase of water quality, as water pollution could decrease (aquatic) fauna
abundance
h. Mean Macroinvertabrates abundance: Increase of water quality, as water pollution could decrease (aquatic)
fauna abundance
i. Mean insect abundance: Increase of water quality, as water pollution could decrease (aquatic) fauna abundance
j. DOC concentration: Decrease in water quality
5. Freshwater saving a. Water use: Decrease of freshwater saving
b. Water productivity: Water saving increased, as for the same amount of yield of lower water productivity, water
use is reduced (this variable is not considered if already data on water use and yield were included, to prevent
double use of data)
c. Water holding capacity: Increase in water saving, as a higher amount of water remains in the soil instead of
seepage or run-off
6. Mitigation of greenhouse gas emission a. Cumulative CH4 emission flux: Decrease in mitigation of GHG emissions
b. Cumulative N20 emission flux: Decrease in mitigation of GHG emissions
c. Global warming potential: Decrease in mitigation of GHG emissions
d. Methyl bromide: Decrease in mitigation of GHG emissions
e. Methyl chloride: Decrease in mitigation of GHG emissions
d. Methyl lodide: Decrease in mitigation of GHG emissions
7. Habitat provisioning a. Number of water bird species: Increase when habitat is provided
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