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Abstract

There is worldwide concern about the environmental costs of conventional intensification of
agriculture. Growing evidence suggests that ecological intensification of mainstream farming can
safeguard food production with accompanying environmental benefits, however, the approach is
rarely adopted by farmers. Our review of the evidence for replacing external inputs with ecosystem
services shows that scientists tend to focus on processes (e.g. pollination) rather than outcomes
(e.g. earnings), and express benefits at spatio-temporal scales that are not always relevant to
farmers. This results in mismatches in perceived benefits of ecological intensification between
scientists and farmers which hinders its uptake. We provide recommendations for overcoming these
mismatches and highlight important additional factors driving uptake of nature-based management

practices such as social acceptability of farming.

Ecological intensification shows potential to sustainably safeguard food security...

Meeting the demands for agricultural products from a growing and more affluent world
population through conventional intensification of agriculture is impossible without causing
significant damage to the environment [ 1-3]. Ecological intensification has been proposed as a
nature-based alternative that complements or (partially) replaces external inputs such as agro-
chemicals with production-supporting ecological processes to sustain agricultural production
while minimizing adverse effects on the environment [4, 5]. Ecological intensification is based on
the assumption that delivery of ecosystem services is suboptimal in high-input agricultural
systems (e.g. [6-10]), and that management of specific components of biodiversity can be used to
either complement artificial inputs and increase agricultural productivity (Ecological
Enhancement; Fig. 1) or replace artificial inputs (Ecological Replacement; Fig. 1) which results
in reduced environmental costs without negatively impacting crop productivity [5].

The last few years, the evidence base underlying ecological intensification has steadily
strengthened with studies demonstrating that management can enhance the delivery of a range of
regulating and supporting ecosystem services [11-14] or even produce win-win situations for
agricultural production and the environment [15-18]. Scientists are therefore increasingly
highlighting the benefits of ecologically intensifying agriculture through a greater reliance on

biodiversity and ecosystem services. Policy makers likewise are starting to embrace ecological
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intensification as an environmentally friendly way towards food security [19, 20] by supporting
the implementation of biodiversity and ecosystem service enhancing practices. In some regions,
notably Europe and North America, this has been through considerable public expenditure (e.g.
agri-environment schemes) to (partially) offset farmer’s opportunity costs associated with

implementation [21].

...but sees little uptake by the agricultural sector

Knowledge of how farmers perceive the costs and benefits of ecological intensification practices
is limited [22] but European farmers generally seem to have little interest in the topic. A recent
survey on farmer attitudes towards biodiversity and ecosystem service enhancing practices in
seven European countries [23] showed that farmers generally favour practices that interfere little
with normal farming operations. For example, farmers appreciate relatively simple management
changes targeting landscape features such as hedgerows, ditch banks or trees (Fig. 2). However,
on-field management practices, such as cover crops, conservation headlands or beetle banks,
were consistently among the least preferred practices (Fig. 2). Strikingly, the establishment of
wildflower strips, the practice with the strongest evidence base for agronomic and/or economic
benefits [12, 16, 24], and often eligible to subsidy support, is amongst the most disliked practices
by farmers. Understanding why these practices are poorly adopted may explain why ecological
intensification has seen little uptake to date by farmers, farmer organizations as well as
agricultural corporations [19, 25, 26].

Here we explore why the perceptions of the costs and benefits of ecological intensification differ
between scientists and farmers. We first synthesise the scientific evidence for nature-based
contributions to agricultural production that underlie ecological intensification, and reflect on its
relevance for farming enterprises. We consider both aboveground and belowground ecosystem
services as both are relevant to farming, and ecological intensification has a greater potential of
delivering benefits when targeting the full range of production-enhancing ecosystem services. We
then highlight key knowledge gaps and suggest ways to overcome these. Finally we discuss the
role of scientific evidence in shaping farm management and which additional factors are
important drivers of farmer behaviour. Our focus is on ecosystem service enhancing practices

rather than on farming systems (e.g. organic farming) and is mainly on high-input farming
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systems since this is where biodiversity and ecosystem services are most degraded and where

enhancing such services can potentially have the most pronounced effects [27].

Evidence for benefits of aboveground ecosystem services contributing to agricultural
production

The species providing the two key aboveground ecosystem services relevant to agriculture,
pollination and pest regulation, are mostly mobile organisms such as bees, hover flies, parasitoid
wasps, spiders and carabid beetles. Although agricultural fields offer them important forage and
shelter resources, these often come in short-lived fluxes, and beneficial species are generally
highly dependent on semi-natural habitats in the surrounding landscape [28, 29]. Delivery of
ecosystem services is therefore often inferred from the spatial configuration of landscape
elements [30-32] with increasing landscape complexity (e.g. cover of semi-natural habitats,
percentage non-arable land, distance to nearest semi-natural habitat, presence of wildflower
strips) leading to higher pollination or pest regulation services. A wealth of studies have
examined the relationship between the diversity and abundance of service providing species and
landscape complexity and, on average, find positive relationships (Fig. 3) [29, 33-36]. However,
there are notable exceptions, for example because pollinators do not always relate positively to
landscape complexity [37, 38]. Also, natural enemies of crop pests are a taxonomically varied
group of organisms that not necessarily all depend on semi-natural habitats and that may even be
negatively related to cover of semi-natural habitats [39] (Fig. 3). Moreover, landscape complexity
can also be related to delivery of dis-services, in the form of pests, but this relationship is highly
variable and unresolved [36].

The relationship between landscape complexity and the diversity of service providing arthropods
has led many scientists to conclude that delivery of ecosystem services can be influenced by
maintaining or enhancing landscape complexity [40-42]. However, the relationship between
landscape complexity and the actual delivery of the pollination and pest regulation services is less
pronounced and more variable than that between the service providing taxa and landscape
complexity [14, 33, 43-46]. Furthermore, the relationship between landscape complexity and crop
yield, the main variable the agricultural sector is interested in, is even weaker and often absent

[13, 41, 47-51]. The difference in focus on the main response variable may well contribute to the
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difference in perceptions by scientists and farmers of the ecosystem service benefits that can be
obtained by manipulating landscape complexity (Fig. 3).

To date, only a few studies have convincingly demonstrated that management enhancing
pollination and pest regulation produces net agronomic or economic benefits. These studies have
in common that they examine the effects of establishing vegetation or wildflower strips on or
next to arable fields. Such measures invariably boost densities of pollinators and natural enemies
locally [52, 53] and can enhance crop pollination and pest regulation [54, 55] as well as a number
of other ecosystem services (e.g. reduce water runoff, increase soil and phosphorus retention [56].
However, only two of these studies suggest that yield increases were sufficient to compensate for
the opportunity costs (i.e. loss of cropped area) of establishing these new landscape elements [12,
24]. Only one study shows that yield increases were larger than both establishment and
opportunity costs so that farmers benefit economically from enhancing flower-rich habitats for
pollinators [16]. Further studies, across a range of crops and localities, are desperately needed.
With increasing demands for agricultural products and tight economic margins, farmers may
require more than just a proof of concept provide before they risk adopting ecological
intensification as a viable alternative or complementary approach to external input-based

practices.

Evidence for benefits of belowground ecosystem services contributing agricultural
production

The belowground communities of agricultural fields provide important ecosystem services such
as enhancing nutrient availability, prevention of pests and diseases, carbon storage and
improvement of soil structure and water holding capacity [57]. Soils contain a wealth of
biodiversity of microbes, invertebrates and some vertebrates, which can add up to thousands of
species per square metre of soil surface [58]. Recent studies suggest that soil biodiversity can be
engineered to specifically enhance the beneficial soil biota providing multiple ecosystem services
[59, 60]. In addition to the engineering approaches that often focus on introducing specific
organisms, such as for nutrient provision or plant protection, a more holistic approach has shown
how the stability of soil food webs depends on its structure [61]. Whereas individual groups of
soil biota correlate with specific ecosystem services [62], the connectedness of the entire soil

community corresponds with, for example, increased efficiency of carbon uptake by soil [63].



153  Organic matter may promote belowground biodiversity and ecosystem processes, and can even
154  influence aboveground-belowground interactions by for example enhancing aboveground

155  abundance of natural enemies [64]. Worldwide agriculture is causing loss of organic matter,

156  except in areas with intensive animal farming [65] and in certain no-till conditions [66]. The

157  question is how ecological intensification can make use of these novel insights into the

158 relationship between soil biodiversity and functioning to improve crop production.

159 Key on-field practices that can improve the delivery of agriculturally relevant

160 belowground ecosystem services are conservation tillage, the use of cover crops, increasing the
161  diversity of the number of crops in a rotation or mixed cropping [60]. Figure 4 synthesises the
162  impact of these practices and suggests that on average, and across all examined services, they
163  have considerable positive effects. However, Figure 4 also highlights that none of the practices
164  consistently enhance all of the ecosystem services considered here. For example, conservation
165 tillage invariably reduces soil erosion and saves farmers tilling costs but has less consistent

166  positive effects on soil structure, water retention and biodiversity [8, 67, 68], and has overall

167  negative effects on nutrient retention, greenhouse gas emissions and weed control [14, 68]. The
168 use of cover crops consistently improves soil structure and reduces soil erosion, however, it has
169 less consistent positive effects on weed control and biodiversity [10, 20, 69]. Cover crops may
170  improve nutrient retention and greenhouse gas emissions depending on whether nitrogen fixing
171  cover crops are being used [9, 17]. However, in arid systems competition for water with the main
172 crop generally results in yield reductions. Moreover, cover cropping requires additional sowing
173 and sometimes killing the crop before planting the main crop which may bring substantial costs
174  and the use of herbicides. Mixed cropping, or having a more diverse crop rotation, on average
175  positively affects ecosystem service delivery [15, 46, 70-73], but for mixed cropping key

176  information on the costs is still missing. Whether this is considered convincing evidence to a

177  farmer may depend on which services are enhanced and which are reduced and probably what
178  that means to the farm economically. In tandem with above-ground services, a greater number of
179  studies on below-ground services in different cropping systcontrol [ 14, 68]. The use of cover
180  crops consistently improves soil structure and reduces soil erosion, however, it has less consistent
181  positive effects on weed control and biodiversity [10, 20, 69]. Cover crops may improve nutrient
182  retention and greenhouse gas emissions depending on whether nitrogen fixing cover crops are

183  beingused [9, 17]. However, in arid systems competition for water with the main crop generally
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results in yield reductions. Moreover, cover cropping requires additional sowing and sometimes
killing the crop before planting the main crop which may bring substantial costs and the use of
herbicides. Mixed cropping, or having a more diverse crop rotation, on average positively affects
ecosystem service delivery [15, 46, 70-73], but for mixed cropping key information on the costs
is still missing. Whether this is considered convincing evidence to a farmer may depend on which
services are enhanced and which are reduced and probably what that means to the farm
economically. In tandem with above-ground services, a greater number of studies on below-
ground services in different cropping systems and locations is needed to help build a robust

evidence base to support changes in farmer practices.

Knowledge gaps in the evidence base of ecological intensification

To be more convincing to farmers, scientific studies on ecological intensification need to
address the costs and benefits that are most relevant to farmers (see Outstanding Questions). In
addition to measuring straight-forward yield variables, parameters such as quality, commercial
grading and stability of yield should be quantified as they also determine production value in
many crops. Potential costs of ecological intensification should be an integral component of
research. These include direct costs (e.g. establishment and maintenance of wildflower strips [16]
as well as opportunity costs (e.g. loss of crop production on land used to establish wildflower
strips). Ideally this should be done under a range of scenario’s to account for context-dependence
of the costs and benefits. For example, land prices in the Netherlands are an order of magnitude
higher than in the United States (in 2009 approximately €47,000 ha-1 and €3,700 ha-1
respectively, [74, 75] resulting in higher fixed (mortgage) costs, which necessitates greater
financial benefits from ecosystem services to break even. The benefits of particular ecosystem
services can also be variable over time, as is illustrated by the pest regulation services provided
by bats to cotton production in the south-western U.S.A.. These benefits declined by 79%
between 1990 and 2008 due to falling global cotton prices and the widespread adoption of
genetically modified Bt cotton [76]. Furthermore, when multiple services are considered, the
cost-benefit analysis is complicated because different ecosystem services are usually expressed in
different units making it difficult to assess whether a decline in one service is compensated by an
increase in another. Cost-benefit analyses should additionally distinguish between private benefits

and public goods delivered by ecological intensification. Public goods, such as reduced
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greenhouse gas emissions or wildlife conservation, can benefit society at large but represent little
or no direct benefit to individual farmers. For example, non-nitrogen fixing cover crops clearly
outperform nitrogen fixing cover crops in terms of reducing greenhouse gas emissions and
nutrient leaching (Fig. 4). However, leguminous cover crops are preferred by many farmers
because they can result in higher yields in follow crops [17].

A second set of knowledge gaps concern the limited spatio-temporal scope of the
evidence for ecosystem service benefits that is currently available (see Outstanding Questions).
To date, most studies examine service delivery in a single crop at the field level in one or two
years only [11-13, 46, 47, 54, 55, 77]. Studies that consider the spatio-temporal dimensions most
relevant to farmers are rare. The key issues that need to be addressed are, first, that the
populations of service providing species often need to build up before measurable effects can be
established resulting in a time lag between implementation of ecological intensification and
manifestation of ecosystem service benefits. Such time lags [78] may range from two or more
years for pollination [16] to one or several decades for soil services [79]. Especially in farming
systems where economic margins are low, farmers may not be willing to invest in practices of
which they don’t know when they will reap the benefits. Second, there is little information on
pollination and pest regulation benefits across the crop rotation in annual cropping systems. The
benefits of ecological intensification generally improve with increased targeting of the specific
species groups providing the bulk of the services to a particular crop [12]. However, annual
farming systems often rotate crops on individual fields. Ecological intensification should produce
benefits across all crops in the rotation to be attractive to farmers. Third, information is lacking
on benefits from ecological intensification at the farm scale, arguably the most relevant scale
from the perspective of a farmer. In many countries, farms do not consist of a contiguous block of
land, and fields can be scattered throughout the landscape. Most of the species providing
pollination or pest regulation services are mobile and can be influenced by semi-natural habitats
or crops up to several km away from the target location [28, 37, 46, 55, 77]. Their foraging
ranges therefore generally supersede the size of individual farms [80]. The net farm-level benefits
of enhancing pollination or pest regulation are difficult to predict as they depend on the
implementation of nature-based management on the focal farm, on neighbouring farms and on
biodiversity supporting habitat on public land such as protected areas, roadside verges and

railway embankments [81]. Finally, although ecological theory predicts that service delivery
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becomes more stable with increasing biodiversity [82], this has only been empirically
demonstrated in small scale studies using experimental plant communities [83]. Variability in the
profitability of farms as a result of adverse effects of inclement weather conditions on crop
growth and yield is of major concern to farmers. Evidence of improved yield stability could be a

powerful argument to interest farmers in ecological intensification.

Can scientific evidence of the benefits of ecological intensification increase its uptake?
Studies of farmer behaviour consistently show that short-term economic benefits enhance
the adoption of novel biodiversity enhancing practices [25, 84, 85]. However, proven benefits
alone do not guarantee uptake of management practices [86]. For example, conservation tillage in
wheat has met with large-scale adoption in south Asia due to a 15-16% cost saving, but has met
with limited uptake in Mexico and Southern Africa despite evidence of higher and more stable
yields both for maize and wheat [87]. Farmers may decide not to follow scientific evidence
because they are unsure about the relevance of generic recommendations from scientific studies
for their specific farms and conditions. For example, a farm may be located on a different soil
type than the study or bad weather can change a crop’s response to a management practice [88].
Apart from economic considerations, key decisions by farmers and land managers are based on
previous experience, familiarity with technologies, interactions with peers and advisors, labour
requirements and perceived risks [25, 89]. Currently, advice to farmers often comes from
advisors or sales representatives from agro-chemical companies that may sell both seeds and
pesticides, and have financial incentives to promote their products [90]. In contrast, advice on
nature-based management coming from parties such as independent extension services, NGO’s
and scientists may not reach as many farmers as this is not always a well-resourced core part of
their business. Furthermore, agro-chemical applications offer quick, highly visible, short-term
solutions to perceived problems. Rate and method of application are readily available as label
instructions or otherwise provided by the manufacturers and effects can be easily observed.
Ecological intensification tends to offer longer-term solutions. However, it relies on complex
networks of service providing communities and management has mostly indirect effects that are
rarely clear-cut and easily observed. For example, the relationship between semi-natural habitat
or wildflowers in the wider countryside and pest regulation or fruit set may not be obvious to a

farmer. Even with clear evidence of the benefits, using ecosystem services requires more
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knowledge and initiative from farmers than spraying pesticides or adding honey bees at
recommended rates. For some farmers, this alone may be an argument not to adopt ecological
intensification practices. Finally, there is a general lack of practical, on the ground information to
help farmers adopt nature-based management practices. We still have very little information on
where how much of what kind of measures should be implemented to achieve a certain effect.
This is because the proof of concept for ecological intensification has only recently been
established and the amount of research on the topic is still small compared to the long-term and
wide-ranging research on conventional farming practices [91]. Even today, conventional farming
still receives not only the majority of the governmental funding but also almost all of the research
investments by the private sector [92].

Farmers may, however, also adopt functional biodiversity enhancing practices without
clear evidence of economic benefits as human behaviour is not solely driven by economic or
other rational considerations [93]. Public attitude, in particular, can have strong direct and
indirect effects on uptake of nature-based management practices by farmers. Farmers with strong
social motivations can be influenced directly as adoption of ecological intensification contribute
to a desired more positive image of their own farm by society and their peers [94]. Indirectly,
public attitude can influence management of a much wider range of farms. For example, concern
of the general public, in many parts of Europe, about intensive farming practices such as the use
of pesticides or genetically engineered crops [95, 96] contributed to the EU restriction on the use
of neonicotinoid pesticides in 2013. Uptake of ecological intensification may also be influenced
by conflicts of interests between farmer communities and agribusiness multinationals and
governments [97]. Many agribusinesses aim to generate societal support for the implementation
of industrial forms of agriculture in new territories by emphasizing aspects of efficiency,
productivity, economies of size, trade liberalization, free markets, and the need to feed the world
[98]. Especially in the southern hemisphere, social movements such as La Via Campesina
counter this by emphasizing benefits of family-based diversified agro-ecological farming such as
small-scale production of healthy, local food, good stewardship of the rural environment and
cultural heritages and the peasant or family farm way of life [99]. Such agroecology movements

are now also gaining interest in northern countries with more industrial farming systems [100].

Conclusions
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Large scale adoption of ecological intensification requires a stronger evidence base than is
currently available. To date most research has focused on the ecological mechanisms and
processes underlying ecological intensification in specific cropping systems. More knowledge is
needed particularly on the quantification of the costs and benefits of ecological intensification
using variables that are relevant to farmers (e.g. crop yield and earnings at the farm level) and the
effectiveness of different ecological intensification practices, on their own and in combination,
over longer periods of time and in a range of crops, farming systems and locations. The results of
studies that have been carried out so far suggest that in the majority of crops and under the
current economic paradigm it will be difficult for ecological intensification to achieve higher
revenues than under conventional intensification. However, this could change in the near future
as the price of external inputs are expected to rise, and climate change will make production more
variable.

We propose that there are three complementary pathways towards wide-scale adoption of
ecological intensification: through market driven processes, regulatory instruments and through
reputational concerns. Market driven adoption will occur if a greater reliance on ecosystem
services produces direct and net economic benefits [16] in which case it may simply become part
of farm business models. Large-scale adoption through regulatory instruments require political
will to promote nature-based farm management, for example through compulsory practices to
support functional biodiversity linked to payments or by taxing agro-chemical inputs to integrate
the environmental costs associated with the use of pesticides and artificial fertilizers into their
price. Making external inputs more expensive would make biodiversity-based alternatives more
attractive economically. Reputational concerns will increase adoption, if a sufficiently large part
of the general public is worried about adverse effects of industrial farming and intensive use of
agro-chemicals. This may influence farmers directly to manage their farms in ways to promote
functional biodiversity when they can do this without economic repercussions. Moreover, given
the global nature of the food market, changes in consumption patterns towards more
environmental-friendly products (e.g. organic food) can influence farming practices all over the
world. Just as importantly, public concern can be a strong driver of the political will to promote
ecological intensification directly or indirectly (i.e. the regulatory instruments pathway). Future
research should therefore not only address ecological, agronomic, and economic aspects of

ecological intensification but also the sociological aspects.

11



339

340  Acknowledgements: This paper has been written in the framework of the European Union (EU)
341  FP7 projects LIBERATION (grant 311781). The paper benefited from additional support from the
342  Netherlands Organization for Scientific Research to DK (NWO-ALW project 841.11.001) and
343 LAG (NWO travel grant 040.11.577).

344

12



345

346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

References

. Foley, J.A. et al. (2005) Global consequences of land use. Science 309 (5734), 570-574.

2. Tilman, D. et al. (2011) Global food demand and the sustainable intensification of agriculture.
Proceedings of the National Academy of Sciences of the United States of America 108 (50),
20260-20264.

3. Lundgren, J.G. and Fergen, J.K. (2011) Enhancing predation of a subterranean insect pest: A
conservation benefit of winter vegetation in agroecosystems. Applied Soil Ecology 51, 9-16.

4. Cassman, K.G. (1999) Ecological intensification of cereal production systems: Yield potential,
soil quality, and precision agriculture. Proceedings of the National Academy of Sciences of the
United States of America 96 (11), 5952-5959.

5. Bommarco, R. et al. (2013) Ecological intensification: harnessing ecosystem services for food
security. Trends in Ecology & Evolution 28 (4), 230-238.

6. Kremen, C. et al. (2002) Crop pollination from native bees at risk from agricultural
intensification. Proceedings of the National Academy of Sciences of the United States of
America 99 (26), 16812-16816.

7. Jonsson, M. et al. (2012) Agricultural intensification drives landscape-context effects on host-
parasitoid interactions in agroecosystems. Journal of Applied Ecology 49 (3), 706-714.

8. Ulen, B. et al. (2010) Soil tillage methods to control phosphorus loss and potential side-effects:
a Scandinavian review. Soil Use and Management 26 (2), 94-107.

9. Poeplau, C. and Don, A. (2015) Carbon sequestration in agricultural soils via cultivation of
cover crops - A meta-analysis. Agriculture Ecosystems & Environment 200, 33-41.

10. Venter, Z.S. et al. (2016) The impact of crop rotation on soil microbial diversity: A meta-
analysis. Pedobiologia 59 (4), 215-223.

11. Tschumi, M. et al. (2016) Perennial, species-rich wildflower strips enhance pest control and
crop yield. Agriculture Ecosystems & Environment 220, 97-103.

12. Tschumi, M. et al. (2015) High effectiveness of tailored flower strips in reducing pests and
crop plant damage. Proceedings of the Royal Society B-Biological Sciences 282 (1814), 189-
196.

13. Gras, P. et al. (2016) How ants, birds and bats affect crop yield along shade gradients in
tropical cacao agroforestry. Journal of Applied Ecology 53 (3), 953-963.

14. Tamburini, G. et al. (2016) Conservation tillage mitigates the negative effect of landscape
simplification on biological control. Journal of Applied Ecology 53 (1), 233-241.

15. Davis, A.S. et al. (2012) Increasing Cropping System Diversity Balances Productivity,
Profitability and Environmental Health. Plos One 7 (10), 8.

16. Blaauw, B.R. and Isaacs, R. (2014) Flower plantings increase wild bee abundance and the
pollination services provided to a pollination-dependent crop. Journal of Applied Ecology 51
(4), 890-898.

17. Valkama, E. et al. (2015) Meta-analysis of the effects of undersown catch crops on nitrogen
leaching loss and grain yields in the Nordic countries. Agriculture Ecosystems & Environment
203, 93-101.

18. Quemada, M. et al. (2013) Meta-analysis of strategies to control nitrate leaching in irrigated
agricultural systems and their effects on crop yield. Agriculture Ecosystems & Environment
174, 1-10.

19. IPBES (2016) The assessment report of the Intergovernmental Science-Policy Platform on

Biodiversity and Ecosystem Services on pollinators, pollination and food production.

[a—

13



390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436

Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services, Bonn, Germany.

20. Blanco-Canqui, H. et al. (2015) Cover Crops and Ecosystem Services: Insights from Studies
in Temperate Soils. Agronomy Journal 107 (6), 2449-2474.

21. Batary, P. et al. (2015) The role of agri-environment schemes in conservation and
environmental management. Conservation Biology 29 (4), 1006-1016.

22. Uyttenbroeck, R. et al. (2016) Pros and cons of flowers strips for farmers. A review.
Biotechnologie Agronomie Societe Et Environnement 20, 225-235.

23. Bailey, A.P., Degani, E., Leigh, S. & Zhang, M. (2015) Report on farmer’s attitude towards
on-site ecosystem services. Deliverable 5.1 of the Liberation project.

24. Pywell, R.F. et al. (2015) Wildlife-friendly farming increases crop yield: evidence for
ecological intensification. Proceedings of the Royal Society B-Biological Sciences 282 (1816),
8.

25. Liebman, M. et al. (2016) Ecologically sustainable weed management: How do we get from
proof-of-concept to adoption? Ecological Applications 26 (5), 1352-1369.

26. Vanloqueren, G. and Baret, P.V. (2008) Why are ecological, low-input, multi-resistant wheat
cultivars slow to develop commercially? A Belgian agricultural 'lock-in' case study. Ecological
Economics 66 (2-3), 436-446.

27. Kleijn, D. et al. (2011) Does conservation on farmland contribute to halting the biodiversity
decline? Trends in Ecology & Evolution 26 (9), 474-481.

28. Steffan-Dewenter, 1. et al. (2002) Scale-dependent effects of landscape context on three
pollinator guilds. Ecology 83 (5), 1421-1432.

29. Shackelford, G. et al. (2013) Comparison of pollinators and natural enemies: a meta-analysis
of landscape and local effects on abundance and richness in crops. Biological Reviews 88 (4),
1002-1021.

30. Lonsdorf, E. et al. (2009) Modelling pollination services across agricultural landscapes.
Annals of Botany 103 (9), 1589-1600.

31. Jonsson, M. et al. (2014) Ecological production functions for biological control services in
agricultural landscapes. Methods in Ecology and Evolution 5 (3), 243-252.

32. Maes, J. et al. (2015) More green infrastructure is required to maintain ecosystem services
under current trends in land-use change in Europe. Landscape Ecology 30 (3), 517-534.

33. Garibaldi, L.A. et al. (2011) Stability of pollination services decreases with isolation from
natural areas despite honey bee visits. Ecology Letters 14 (10), 1062-1072.

34. Kennedy, C.M. et al. (2013) A global quantitative synthesis of local and landscape effects on
wild bee pollinators in agroecosystems. Ecology Letters 16 (5), 584-599.

35. Bianchi, F. et al. (2006) Sustainable pest regulation in agricultural landscapes: a review on
landscape composition, biodiversity and natural pest control. Proceedings of the Royal Society
B-Biological Sciences 273 (1595), 1715-1727.

36. Chaplin-Kramer, R. et al. (2011) A meta-analysis of crop pest and natural enemy response to
landscape complexity. Ecology Letters 14 (9), 922-932.

37. Holzschuh, A. et al. (2008) Agricultural landscapes with organic crops support higher
pollinator diversity. Oikos 117 (3), 354-361.

38. Kleijn, D. et al. (2015) Delivery of crop pollination services is an insufficient argument for
wild pollinator conservation. Nature Communications 6.

39. Jauker, F. et al. (2009) Pollinator dispersal in an agricultural matrix: opposing responses of
wild bees and hoverflies to landscape structure and distance from main habitat. Landscape
Ecology 24 (4), 547-555.

14



437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

40. Holzschuh, A. et al. (2012) Landscapes with wild bee habitats enhance pollination, fruit set
and yield of sweet cherry. Biological Conservation 153, 101-107.

41. Nayak, G.K. et al. (2015) Interactive effect of floral abundance and semi-natural habitats on
pollinators in field beans (Vicia faba). Agriculture Ecosystems & Environment 199, 58-66.

42. Nicholson, C.C. et al. (2017) Farm and landscape factors interact to affect the supply of
pollination services. Agriculture Ecosystems & Environment 250, 113-122.

43. Winfree, R. et al. (2007) Native bees provide insurance against ongoing honey bee losses.
Ecology Letters 10 (11), 1105-1113.

44. Karp, D.S. et al. (2013) Forest bolsters bird abundance, pest control and coffee yield. Ecology
Letters 16 (11), 1339-1347.

45. Tscharntke, T. et al. (2016) When natural habitat fails to enhance biological pest control - Five
hypotheses. Biological Conservation 204, 449-458.

46. Rusch, A. et al. (2013) Flow and stability of natural pest control services depend on
complexity and crop rotation at the landscape scale. Journal of Applied Ecology 50 (2), 345-
354.

47. Bommarco, R. et al. (2012) Insect pollination enhances seed yield, quality, and market value
in oilseed rape. Oecologia 169 (4), 1025-1032.

48. Mitchell, M.G.E. et al. (2014) Agricultural landscape structure affects arthropod diversity and
arthropod-derived ecosystem services. Agriculture Ecosystems & Environment 192, 144-151.

49. Liere, H. et al. (2015) Trophic cascades in agricultural landscapes: indirect effects of
landscape composition on crop yield. Ecological Applications 25 (3), 652-661.

50. Zou, Y. et al. (2017) Landscape effects on pollinator communities and pollination services in
small-holder agroecosystems. Agriculture Ecosystems & Environment 246, 109-116.

51. Sutter, L. et al. Landscape greening and local creation of wildflower strips and hedgerows
promote multiple ecosystem services. Journal of Applied Ecology, n/a-n/a.

52. Scheper, J. et al. (2013) Environmental factors driving the effectiveness of European agri-
environmental measures in mitigating pollinator loss - a meta-analysis. Ecology Letters 16 (7),
912-920.

53. Ramsden, M.W. et al. (2015) Optimizing field margins for biocontrol services: The relative
role of aphid abundance, annual floral resources, and overwinter habitat in enhancing aphid
natural enemies. Agriculture Ecosystems & Environment 199, 94-104.

54. Feltham, H. et al. (2015) Experimental evidence that wildflower strips increase pollinator
visits to crops. Ecology and Evolution 5 (16), 3523-3530.

55. Holland, J.M. et al. (2012) Agri-environment scheme enhancing ecosystem services: A
demonstration of improved biological control in cereal crops. Agriculture Ecosystems &
Environment 155, 147-152.

56. Schulte, L.A. et al. (2017) Prairie strips improve biodiversity and the delivery of multiple
ecosystem services from corn-soybean croplands. Proceedings of the National Academy of
Sciences of the United States of America 114 (42), 11247-11252.

57. Wall, D.H. et al. (2015) Soil biodiversity and human health. Nature 528 (7580), 69-76.

58. Bardgett, R.D. and van der Putten, W.H. (2014) Belowground biodiversity and ecosystem
functioning. Nature 515 (7528), 505-511.

59. Wagg, C. et al. (2014) Soil biodiversity and soil community composition determine
ecosystem multifunctionality. Proceedings of the National Academy of Sciences of the United
States of America 111 (14), 5266-5270.

60. Bender, S.F. et al. (2016) An Underground Revolution: Biodiversity and Soil Ecological
Engineering for Agricultural Sustainability. Trends in Ecology & Evolution 31 (6), 440-452.

15



484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528

61. Neutel, A.M. et al. (2007) Reconciling complexity with stability in naturally assembling food
webs. Nature 449 (7162), 599-U11.

62. de Vries, F.T. et al. (2013) Soil food web properties explain ecosystem services across
European land use systems. Proceedings of the National Academy of Sciences of the United
States of America 110 (35), 14296-14301.

63. Morrien, E. et al. (2017) Soil networks become more connected and take up more carbon as
nature restoration progresses. Nature Communications 8, 10.

64. Birkhofer, K. et al. (2008) Long-term organic farming fosters below and aboveground biota:
Implications for soil quality, biological control and productivity. Soil Biology & Biochemistry
40 (9), 2297-2308.

65. Reijneveld, A. et al. (2009) Soil organic carbon contents of agricultural land in the
Netherlands between 1984 and 2004. Geoderma 152 (3-4), 231-238.

66. Pittelkow, C.M. et al. (2015) Productivity limits and potentials of the principles of
conservation agriculture. Nature 517 (7534), 365-U482.

67. Morris, N.L. et al. (2010) The adoption of non-inversion tillage systems in the United
Kingdom and the agronomic impact on soil, crops and the environment-A review. Soil &
Tillage Research 108 (1-2), 1-15.

68. Soane, B.D. et al. (2012) No-till in northern, western and south-western Europe: A review of
problems and opportunities for crop production and the environment. Soil & Tillage Research
118, 66-87.

69. Tonitto, C. et al. (2006) Replacing bare fallows with cover crops in fertilizer-intensive
cropping systems: A meta-analysis of crop yield and N dynamics. Agriculture Ecosystems &
Environment 112 (1), 58-72.

70. Iverson, A.L. et al. (2014) Do polycultures promote win-wins or trade-offs in agricultural
ecosystem services? A meta-analysis. Journal of Applied Ecology 51 (6), 1593-1602.

71. McDaniel, M.D. et al. (2014) Does agricultural crop diversity enhance soil microbial biomass
and organic matter dynamics? A meta-analysis. Ecological Applications 24 (3), 560-570.

72.Yu, Y. et al. (2015) Temporal niche differentiation increases the land equivalent ratio of
annual intercrops: A meta-analysis. Field Crops Research 184, 133-144.

73. Pappa, V.A. et al. (2011) Nitrous oxide emissions and nitrate leaching in an arable rotation
resulting from the presence of an intercrop. Agriculture Ecosystems & Environment 141 (1-2),
153-161.

74. Eurostat (2015) Agricultural prices and price indices (EU and candidate countries). URL:
www. http://ec.europa.eu/eurostat/web/agriculture/data (accessed: 11-11-2015).

75. USDA (2015) Land Values 2015 Summary. USDA, National Agricultural Statistics Service.

76. Lopez-Hoffman, L. et al. (2014) Market Forces and Technological Substitutes Cause
Fluctuations in the Value of Bat Pest-Control Services for Cotton. Plos One 9 (2), 7.

77. Gardiner, M.M. et al. (2009) Landscape diversity enhances biological control of an
introduced crop pest in the north-central USA. Ecological Applications 19 (1), 143-154.

78. Fremier, A.K. et al. (2013) Understanding Spatiotemporal Lags in Ecosystem Services to
Improve Incentives. Bioscience 63 (6), 472-482.

79. Brady, M.\V,, Sahlin, U., Clough, Y., Bailey, A., Elek, Z., Hedlund, K., Koellner, T., Marini,
L., Olsson, O., Poppenborg, P., Redlich, S., Switek, S., Takacs, V., van Gils, S. & Smith, H.G.
(2016) Report on ecological-economic models and evaluation of effects of ecological
intensification on farm income. Deliverable 5.4 of the Liberation Project.

16



529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574

80. McKenzie, A.J. et al. (2013) Landscape-scale conservation: collaborative agri-environment
schemes could benefit both biodiversity and ecosystem services, but will farmers be willing to
participate? Journal of Applied Ecology 50 (5), 1274-1280.

81. Cong, R.G. et al. (2014) Managing ecosystem services for agriculture: Will landscape-scale
management pay? Ecological Economics 99, 53-62.

82. Yachi, S. and Loreau, M. (1999) Biodiversity and ecosystem productivity in a fluctuating
environment: The insurance hypothesis. Proceedings of the National Academy of Sciences of
the United States of America 96 (4), 1463-1468.

83. Isbell, F. et al. (2015) Biodiversity increases the resistance of ecosystem productivity to
climate extremes. Nature 526 (7574), 574-U263.

84. Willock, J. et al. (1999) Farmers' attitudes, objectives, behaviors, and personality traits: The
Edinburgh Study of Decision Making on Farms. Journal of Vocational Behavior 54 (1), 5-36.

85. van der Horst, D. (2011) Adoption of payments for ecosystem services: An application of the
Hagerstrand model. Applied Geography 31 (2), 668-676.

86. Garibaldi, L.A. et al. (2017) Farming Approaches for Greater Biodiversity, Livelihoods, and
Food Security. Trends in Ecology & Evolution 32 (1), 68-80.

87. Erenstein, O. et al. (2012) Conservation Agriculture in Maize- and Wheat-Based Systems in
the (Sub)tropics: Lessons from Adaptation Initiatives in South Asia, Mexico, and Southern
Africa. Journal of Sustainable Agriculture 36 (1-2), 180-206.

88. Sheriff, G. (2005) Efficient waste? Why farmers over-apply nutrients and the implications for
policy design. Review of Agricultural Economics 27 (4), 542-557.

89. Martinez-Garcia, C.G. et al. (2013) Factors influencing adoption of improved grassland
management by small-scale dairy farmers in central Mexico and the implications for future
research on smallholder adoption in developing countries. Livestock Science 152 (2-3), 228-
238.

90. Wilson, C. and Tisdell, C. (2001) Why farmers continue to use pesticides despite
environmental, health and sustainability costs. Ecological Economics 39 (3), 449-462.

91. Kremen, C. and Miles, A. (2012) Ecosystem Services in Biologically Diversified versus
Conventional Farming Systems: Benefits, Externalities, and Trade-Offs. Ecology and Society
17 (4), 25.

92. Tittonell, P. (2014) Ecological intensification of agriculture - sustainable by nature. Current
Opinion in Environmental Sustainability 8, 53-61.

93. Cerasoli, C.P. et al. (2014) Intrinsic Motivation and Extrinsic Incentives Jointly Predict
Performance: A 40-Year Meta-Analysis. Psychological Bulletin 140 (4), 980-1008.

94. Greiner, R. et al. (2009) Motivations, risk perceptions and adoption of conservation practices
by farmers. Agricultural Systems 99 (2-3), 86-104.

95. Madsen, K.H. and Sandoe, P. (2001) Herbicide resistant sugar beet - what is the problem?
Journal of Agricultural & Environmental Ethics 14 (2), 161-168.

96. Wollaeger, H.M. et al. (2015) Consumer Preferences for Traditional, Neonicotinoid-free, Bee-
friendly, or Biological Control Pest Management Practices on Floriculture Crops. Hortscience
50 (5), 721-732.

97. Rosset, P.M. and Martinez-Torres, M.E. (2012) Rural Social Movements and Agroecology:
Context, Theory, and Process. Ecology and Society 17 (3).

98. Rosset, P.M. and Martinez-Torres, M.E. (2017) La Via Campesina's Open Book: Celebrating
20 Years of Struggle and Hope. URL: https://viacampesina.org/downloads/pdf/openbooks/EN-
12.pdf (accessed: 21-1-2017).

17



575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

607
608
609

99. Borras, S.M. et al. (2008) Transnational agrarian movements: Origins and politics, campaigns
and impact. Journal of Agrarian Change 8 (2-3), 169-204.

100. Tomlinson, 1. (2013) Doubling food production to feed the 9 billion: A critical perspective
on a key discourse of food security in the UK. Journal of Rural Studies 29, 81-90.

101. Holland, J.M. (2004) The environmental consequences of adopting conservation tillage in
Europe: reviewing the evidence. Agriculture Ecosystems & Environment 103 (1), 1-25.

102. Dabney, S.M. et al. (2001) Using winter cover crops to improve soil and water quality.
Communications in Soil Science and Plant Analysis 32 (7-8), 1221-1250.

103. Tiemann, L.K. et al. (2015) Crop rotational diversity enhances belowground communities
and functions in an agroecosystem. Ecology Letters 18 (8), 761-771.

104. Rusch, A. et al. (2013) Effect of crop management and landscape context on insect pest
populations and crop damage. Agriculture Ecosystems & Environment 166, 118-125.

105. Palmu, E. et al. (2014) Landscape-scale crop diversity interacts with local management to
determine ground beetle diversity. Basic and Applied Ecology 15 (3), 241-249.

106. Jeuffroy, M.H. et al. (2013) Nitrous oxide emissions from crop rotations including wheat,
oilseed rape and dry peas. Biogeosciences 10 (3), 1787-1797.

107. Karlen, D.L. et al. (2006) Crop rotation effects on soil quality at three northern corn/soybean
belt locations. Agronomy Journal 98 (3), 484-495.

108. Dassou, A.G. and Tixier, P. (2016) Response of pest control by generalist predators to local-
scale plant diversity: a meta-analysis. Ecology and Evolution 6 (4), 1143-1153.

109. Letourneau, D.K. et al. (2011) Does plant diversity benefit agroecosystems? A synthetic
review. Ecological Applications 21 (1), 9-21.

110. Liebman, M. and Dyck, E. (1993) Crop-rotation and intercropping strategies for weed
management. Ecological Applications 3 (1), 92-122.

111. Zhou, X.G. et al. (2011) Effects of intercropping cucumber with onion or garlic on soil
enzyme activities, microbial communities and cucumber yield. European Journal of Soil
Biology 47 (5), 279-287.

112. Lacombe, S. et al. (2009) Do tree-based intercropping systems increase the diversity and
stability of soil microbial communities? Agriculture Ecosystems & Environment 131 (1-2),
25-31.

18



610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638

Glossary

Biodiversity: the variety of all forms of life, from genes to species and ecosystems. Within the
context of ecological intensification.

Conservation tillage: the practice of reducing tillage intensity and retaining crop residues to
conserve soil, water and energy.

Cover crop: crop grown between two cash crops to suppress weeds, improve soil fertility and
reduce pest pressure and that is generally not harvested.

Crop rotation: the practice of growing different crops in succession on the same land to maintain
soil productivity and control weeds, pests, and diseases.

Ecosystem service: benefits obtained by people from ecosystems.

External inputs: non-renewable or industrially made resources, such as fertilizers or pesticides
used by growers to increase yield or avoid yield loss.

Functional biodiversity: the part of all biodiversity that makes a direct contribution to
agricultural production.

Habitat quality: the extent to which a habitat offers all the resources required by species to
successfully complete their life cycle.

High-input farming systems: Farming systems in which crop production is primarily based on
external inputs such as fuel, fertilisers and pesticides.

Landscape complexity: the extent to which a landscape is covered by a variety of semi-natural,
non-crop habitats.

Natural enemies: the naturally occurring predators and parasitoids of crop pests.

Mixed cropping: the practice of growing multiple crops simultaneously in the same field to
enhance overall yield and reduce pressure of pests, weeds and diseases.

Pest regulation service: control of herbivore pests of (crop) plants by wild predators such as
beetles, spiders, parasitoid wasps and birds.

Pollination service: pollination of crop and wild plants by wild pollinators such as bees,

hoverflies and bats.
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Outstanding Questions

1  Outstanding questions
2
3 Response variables considered
4 e What are the effects of ecological intensification on parameters relevant to farmers?
5 e What are the (opportunity) costs of ecological intensification and are they balanced by the
6 benefits?
7 e Are there synergies or trade-offs between delivery of multiple ecosystem services?
8 e Does ecological intensification have different effects on delivery of private benefits and
9 public goods?
10
11 Spatio-temporal scales considered
12 e How long are time-lags between implementing management and delivery of benefits?
13 e What are the pollination and pest regulation benefits across the full rotation of annual
14 crops?
15 e What are the farm-scale costs and benefits of ecological intensification?
16 e Does ecological intensification reduce yield variability?
17 e How can ecological intensification best be implemented practically (e.g. how much,
18 where, when)?
19
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Highlights

Highlights

Ecological intensification aims to harness ecosystem services to sustain agricultural

production while minimizing adverse effects on the environment.

Ecological intensification is championed by scientists as a nature-based alternative to high-

input agriculture but meets with little interest from growers.

Scientific evidence underlying ecological intensification is often unconvincing to growers as

it is based on small-scale studies of ecological processes.

Grower interest can be enhanced by evidence of the agronomic and economic benefits most

relevant to farmers and measured at the scales of operation of farm enterprises.

In addition to concrete benefits, concerns of the general public about adverse effects of
industrial farming can promote adoption of ecological intensification, both directly and

indirectly by enhancing political will to use regulatory instruments.
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Figure 1. An illustration of the relationships assumed under ecological intensification in high-input
farming systems between functional biodiversity and (a) crop yield and (b) dependence on synthetic
inputs (pesticides and artificial fertilizers) under ecological replacement and ecological enhancement.
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Figure 2. Preferences of farmers from Germany, Hungary, Italy, Netherlands, Poland,
Sweden and UK for management practices that may contribute to biodiversity
enhancement and ecosystem service. Number of responses per management practice
ranged between 55 and 84. Based on data from [23].
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Figure 4. Radar plots graphically summarising the effects of the most frequently implemented
management practices to increase sustainability of farming on multiple ecosystem services. Dark
green/red - consistent positive/negative effects found in meta-analyses, reviews and individual studies;
Intermediate green/red: positive/negative effects dominate but some studies show no effects; Light
green/red: positive/negative effects dominate but many studies show no effect and some even negative
effects. Effects based on refs [14, 67, 68, 101] for conservation tillage; [3, 9, 10, 17, 18, 20, 69, 102, 103]
for cover crops; [10, 15, 71, 103-107] for crop rotation; [72, 73, 108-112] for mixed cropping.





