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Abstract
Promoting and increasing the uptake of sustainable agricultural practices poses a major challenge for European agricultural 
policy. The scientific evidence for potentially relevant and environmentally beneficial practices, however, is scattered among 
numerous sources. This article examines the state of knowledge regarding agri-environmental practices and their impact on 
various domains of the environment (climate change, soil, water and biodiversity). The selection was restricted to practices 
applicable to German farmers. Ninety-eight literature reviews and meta-analyses assessing the environmental impacts of 
agri-environmental practices in the German context were found in a systematic review of the academic literature from 2011 
onwards. A total of 144 agricultural management practices were identified that contribute toward achieving certain environ-
mental objectives. The practices were clustered in eight categories: (1) Fertilizer strategies, (2) Cultivation, (3) Planting: 
vegetation, landscape elements & other, (4) Grazing strategies, (5) Feeding strategies, (6) Stable management, (7) Other, (8) 
Combined practices & bundles. The findings of this study suggest that some general patterns can be observed regarding the 
environmental benefits of different practices. While it is possible to derive recommendations for specific practices in terms 
of individual environmental objectives, their relevance is likely to be context-dependent. Moreover, this study reveals that 
bundles of practices can have positive synergistic impacts on the environment. Notably, only few reviews and meta-analyses 
considered the implementation and opportunity costs of environmentally beneficial practices. Agri-environmental policies 
need to consider the broad range of practices that have been shown to impact the environment positively, including their 
costs, and provide context-specific incentives for farmers to adopt them.
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Introduction

Promoting and increasing the uptake of sustainable agri-
environmental practices1 is an urgent challenge for Euro-
pean agricultural policy. Since the turn of the millennium, 
the Common Agricultural Policy (CAP) of the European 
Union has striven not only to support agricultural production 
but also to incorporate nature and environmental protection 

by setting up multiannual incentive schemes designed to 
increase the adoption of agri-environmental practices. 
These agri-environmental measures compensate farmers 
for voluntary environmental commitments (Lefebvre et al. 
2020). In addition to being incorporated within the CAP, 
numerous agri-environmental practices are also included 
in other guidelines, strategies, directives and regulations 
(e.g. EU Eco-Regulation, Germany’s National Sustainable 
Development Strategy, Ackerbaustrategie 2021). However, 
the current agri-environmental policies and practices being 
pursued are not sufficient for protecting the environment; 
agriculture is still a major cause for the Earth system exceed-
ing planetary boundaries and is the main driver of environ-
mental degradation in Europe (Campbell et al. 2017; Pe’er 
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et al. 2020). In Germany, for example about 7.5% of annual 
greenhouse gas emissions are attributable to agriculture. 
Furthermore, agricultural intensification has led to a wide-
spread decline in arthropod biomass and the abundance and 
number of species as well as to the degradation of soils and 
the pollution of water bodies (Dörschner and Musshoff, 
2015; Seibold et al. 2019; Visconti et al. 2018). This trend 
is unlikely to change in the near future, as the CAP is cur-
rently failing to achieve its environmental objectives (Pe’er 
et al. 2019). There are various reasons for the inadequacy of 
agri-environmental practices in Germany when it comes to 
protecting the environment. One is that CAP practices aimed 
at German farmers are based on regionally adapted cata-
logues which farmers feel are not flexible enough in terms 
of local conditions; indeed, they are sometimes even per-
ceived as being incompatible with good professional practice 
(Wittstock et al. 2022). Moreover, most CAP measures are 
“action-based” payments, meaning that farmers receive a 
uniform payment for adopting a specific agri-environmental 
practice, rather than result-based schemes, meaning that the 
effects of measures are not monitored (Bartkowski et al. 
2021).

The relationship between agricultural production and 
the environment is complex and multi-facetted. Fundamen-
tally, agricultural production depends on a well-functioning 
environment, and yet farmers are currently contributing to 
the degradation of ecosystems (Seppelt et al. 2020). For 
instance, agricultural emissions of greenhouse gases con-
tribute substantially to global warming (Clark et al. 2020; 
Wójcik-Gront, 2020), which in turn increases the magni-
tude, frequency and duration of extreme weather events such 
as droughts (Hari et al. 2020; Samaniego et al. 2018) and 
(flash) floods (Fowler et al. 2021). Both droughts and floods 
affect farmers negatively by causing losses of yield (Borrelli 
et al. 2020; Webber et al. 2020). The interests of both farm-
ers and the public have synergistic effects when it comes to 
providing public goods such as climate and environmental 
protection. However, additional incentives are needed to 
encourage farmers to adopt more agri-environmental meas-
ures (Schumacher, 2019).

In promoting the adoption of sustainable agri-environ-
mental practices, an important task for agricultural policy 
in Germany and beyond is to understand which practices 
farmers can adopt in order to improve the environmental 
quality of agroecosystems effectively. Currently, agri-envi-
ronmental policy is often a result of political compromises 
rather than evidence-based investigations (Brown et  al. 
2021; Pe’er et al. 2017). Identifying sustainable agricultural 
practices involves considering numerous social, ecological 
and environmental criteria, and there is currently a lack of 
knowledge regarding the overall impacts of specific prac-
tices. Moreover, the evidence pointing to environmentally 
beneficial practices is scattered among numerous sources, 

with no systematic overview available to date. While the 
project Conservation Evidence summarizes the effects of 
conservation actions on biodiversity in a variety of domains 
(gardening, forestry, etc.) (Conservation Evidence—Site, 
2020), it does not address agri-environmental measures and 
it does not consider the domains of water, soil and climate 
change in addition to biodiversity. The present article offers 
a review to fill this research gap by identifying sustainable 
agri-environmental practices investigated in the academic 
literature and by analyzing their effects in relation to four 
major environmental domains (water quality, soil health, 
biodiversity and climate change) (Campbell et al. 2017; 
German et al. 2017). These domains were chosen for two 
reasons: (1) the influence of agricultural production on them 
is especially prominent, and (2) they encompass the most 
important aspects of environmental sustainability.

Wherever the relevant information is available, the review 
contrasts the impacts of the practices with information about 
their economic costs (including opportunity costs). By eval-
uating each practice, the present study synthesizes the state 
of knowledge about agri-environmental practices and their 
impacts on the environment. It additionally explores the syn-
ergies and trade-offs of different practices in terms of a set of 
sustainability indicators (Cord et al. 2017). This may assist 
policy makers in making better informed decisions regarding 
which particular practices should be supported.

Methodology

Review method

In this “review of reviews”, only meta-analyses and litera-
ture reviews were considered given the vast number of indi-
vidual and often very context-specific studies linking agri-
environmental practices to selected sustainability indicators. 
The Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis (PRISMA) protocol was adapted to the par-
ticularities of this study (Moher et al. 2009).

The literature search was restricted to meta-analyses and 
reviews published in the last 10 years (since 2011) as well 
as to publications written in English or German. The review 
focuses on agri-environmental practices relevant to German 
farmers, including studies from other countries with com-
parable natural and structural conditions (Europe, USA, 
Canada, New Zealand and Australia) that covered manage-
ment practices applicable to German agriculture. Accord-
ingly, practices relevant to olive cultivation in Spain were 
excluded, while practices targeting wheat cultivation in the 
USA were included. Global studies were included if they 
reported results relevant to German agriculture that were 
structured according to country, continent or climate region. 
The four-level search string (Table 1) was applied to the 
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databases Scopus and Web of Science. The term “animal 
welfare” was excluded on the basis of previous experience 
with similar search exercises, in order to ensure that only 
practices relevant to climate change, biodiversity, soil and 
water would appear.

The search strings were applied to the two databases in 
March 2020 and yielded 975 results (supplementary material 
5: PRISMA flow diagram). Correction for duplicates reduced 
the number of publications to 710. Of these 710 publica-
tions, 401 were excluded when a screening of their titles and 
abstracts revealed that the study context was (i) not relevant 
to German agriculture or (ii) related to activities after harvest 
(i.e. food/feed storage, transport or processing), (iii) did not 
focus on agricultural production, sustainable agriculture or at 
least one of the four environmental domains of the study, or 
(iv) did not include any agri-environmental practices.

The remaining 309 publications were subjected to full-
text analysis. The following information was extracted: the 
agri-environmental practices and the environmental domains 
dealt with in the study (i.e. biodiversity, climate change, 
water and/or soil), the specific area of focus (e.g. insects, 
carbon dioxide emissions) if applicable, the type of farming 
to which the practice relates (e.g. livestock, arable farming) 

as well as other characteristics of the publication, including 
the metadata (i.e. author, author institution, country, year, 
title, journal, citation, DOI) and method (e.g. meta-analysis, 
literature review). A full list of extracted categories can be 
found in the supplementary material (supplementary mate-
rial 3: Publication information and exclusion criteria).

Another 211 publications were excluded during the full-
text analysis since they either failed to meet the criteria 
defined above or an additional set of inclusion criteria that 
could only be determined by reading the texts in full. Specif-
ically, only studies investigating an agri-environmental prac-
tice that met the following inclusion criteria were considered 
relevant: (1) farmers can potentially implement the practices 
(i.e. the agent of change is the farmer); (2) the practice and 
its implementation are characterized in detail; and (3) the 
aim of the practice is to improve environmental conditions. 
The final database includes 98 academic publications (see 
supplementary material 7: Meta-analyses and reviews).

Analysis of practices

In order to categorize all the agri-environmental practices 
identified, eight categories were developed inductively 

Table 1  Search terms used to build search commands using Boolean operators

Search terms that were used for Web of Science and Scopus connect the four levels with Boolean operators “AND” (between levels) and “OR” 
(within levels).

1st level terms 
(who)

farm* OR

2nd level terms 
(what)

behavio*
decision*
participat*
practice*
adopt*
improv*
enhanc*
maintain*
manag*
measur*

OR

3rd level terms 
(area)

biodiversity
water
soil*
“climate change”
“climate mitigation”
“climate adaptation”
“sustainable agriculture”
“best management practice*”
conservation

OR

4th level terms 
(method)

“literature review”
“systematic review”
“meta-analysis”
“meta analysis”

OR

Exemplary 
search com-
mand (Scopus)

TITLE-ABS-KEY ((farm*) AND (behavio* OR decision* OR participat* OR practice* OR adopt* OR improv* OR 
enhanc* OR maintain* OR manag* OR measur*) AND (biodiversity OR water OR soil* OR “climate change” OR “cli-
mate mitigation” OR “climate adaptation” OR “sustainable agriculture” OR “best management practice*” OR conserva-
tion) AND (“literature review” OR “systematic review” OR “meta-analysis” OR “meta analysis”)
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during the review process: (1) Fertilizer strategies, (2) Culti-
vation, (3) Planting: vegetation, landscape elements & other, 
(4) Grazing strategies, (5) Feeding strategies, (6) Stable 
management, (7) Other, (8) Combined practices & bundles.

The category “Fertilizer strategies” includes practices 
regarding the timing, manner, type as well as tools of fer-
tilization. “Cultivation” includes practices that are applied 
directly to arable land such as choice of crop type, irrigation, 
use of pesticides or herbicides, and tillage excluding fer-
tilizer practices. “Planting: vegetation, landscape elements 
& other” includes practices that refer to different plantings 
such as trees, hedges, buffers or flowers as well as practices 
that include plantings such as silvopasture or agri-silvicul-
ture. Practices included in the category “Grazing strategies” 
refer to different grazing patterns, types or timing of grazing. 
“Feeding strategies” include practices relating to livestock 
feed such as the use of dietary additives, bacteria or forage 
plants. The practices included in the category “Stable man-
agement” refer to wind speed, air scrubbers and the floor 
management of a stable. Practices included in the category 
“Other” include those that did not fit into any of the other 
categories. Examples include denitrification barriers, crop 
livestock integration or (woodchip) bioreactors (i.e. trenches 
in the subsurface filled with carbon sources (here: wood-
chips) through which water flows before leaving the drain 
to enter a surface water body). The category “Combined 
practices & bundles” includes practices comprising at least 
two agri-environmental practices, for example implementing 
no-tillage and cover crops (i.e. crops that are grown to pro-
tect soil health rather than to be harvested) at the same time.

Moreover, the effect of each practice on the four major 
environmental domains climate change, soil, water and bio-
diversity was analyzed in terms of environmental indicators 
used in the studies reviewed (e.g.  CO2 emissions for “climate 
change” or soil porosity for “soil”). An economic dimen-
sion was included if the relevant indicators were present 
(e.g. cash crop yield). Sixteen distinct indicators were found 
for “climate change”, 63 for “soil”, 39 for “water”, two for 
“biodiversity” and 12 for the “economic dimension” (sup-
plementary material 2: Definitions of environmental indica-
tors; Table 2). Since information on the economic impacts 
of the practices was relatively scarce, tables including the 
economic dimension are only included in the supplementary 
material (supplementary material 4: Agri-environmental 
practices impact tables) Tables 3 and 4, 5, 6, 7, 8 and 9.

The impacts of the environmental and economic indica-
tors were summarized as follows: if at least two-thirds of 
the indicators for a given domain have a given direction of 
impact (positive/neutral/negative effect), the overall impact 
is interpreted accordingly. If at least 90% of the indicators 
within an environmental domain are fully (90% or more) 
positive/negative and the practice was investigated in at 
least two publications, the effect is interpreted as being 

consistently positive/consistently negative and colour-coded 
accordingly. If the indicators are divided equally into posi-
tive and negative indicators, they are interpreted as unclear; 
the same goes for impacts that include negative, neutral and 
positive indicator directions if none of them has a share of 
more than two-thirds. In other combinations (e.g. 50% posi-
tive and 50% neutral), the inferior effect is assumed to be 
“representative” (here: neutral). The impacts of the indi-
cators are based on their consistency across publications. 
Due to the diversity of measures and units used within and 
across indicators, the study cannot make any assumptions 
or statements about the magnitude of the effects synthesized 
in it. Further details about the indicators and their impacts 
can be found in the supplementary material (supplementary 
material 1: Agri-environmental practices and their impact 
on environmental domains).

Results

Descriptive statistics

Among the 98 publications included in this review, a modest 
temporal trend is discernible: the number of publications 
increases slightly from 2014 onwards (Fig. 1). This might be 
explained by changes in the standards for literature reviews 
and meta-analyses over the years, as older reviews often lack 
a specific methodology and are generally less thorough (Sny-
der, 2019) and therefore did not meet the criteria for inclu-
sion in this study. Another explanation for the trend could be 
the general rise in the number of publications over the years.

A total of 327 investigations (here: impact of a practice 
on an environmental indicators) of 144 distinct agri-environ-
mental practices were identified. The most commonly inves-
tigated practices were those in the “Cultivation” category 
(108 times = 33.0%) and included primarily tillage practices 
and cover crops. Practices in the category “Fertilizer strate-
gies” were investigated 88 times (26.9%) and practices in the 
category “Planting: vegetation, landscape elements & other” 
64 times (19.6%). Less frequently investigated were prac-
tices in the categories “Grazing strategies” (5.2%), “Com-
bined practices & bundles” (4.9%), “Other” (4.0%), “Stable 
management” (3.4%) and “Feeding strategies” (3.1%).

Table 2 presents the numbers of publications, environ-
mental indicators and practices included within each cat-
egory. It also shows how many practices were investigated 
with respect to each environmental domain, the number 
of environmental indicators per domain and the number 
of publications addressing each domain. The category 
“Planting: vegetation, landscape elements & other”, for 
example consists of 26 agri-environmental practices and 
includes 48 environmental indicators. Thirty-one publica-
tions investigated practices in this category. Also, eight 
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publications analyzed eight environmental indicators 
for 14 “Planting” practices with respect to the environ-
mental domain “climate change”. The number of distinct 
publications included in a category does not necessarily 

match the number of practices, since many publications 
investigated more than one practice in more than one cat-
egory. The table in the supplementary material 6 high-
lights research gaps for each environmental domain and 

Table 2  Effects of fertilizer 
practices on the environment

PRACTICES: “FERTILIZER STRATEGIES” CLIMATE SOIL WATER BIODIV

Acidifica�on P (1) N/A N/A N/A

Adjust N fer�liza�on to crops needs CP (2) P (1) P (1) N/A

Ammonium bicarbonate N (1) N (1) N (1) N (1)

Anaerobic digestate of manure P (1) P (1) P (1) P (1)

Band spreading P (1) P (1) P (1) P (1)

Bedding systems P (1) N/A N/A N/A

Change of fer�lizer rate P (4) U (2) P (3) N (1)

Controlled release fer�lizer CP (2) CP (2) CP (3) CP (2)

Covers for manure storage P (1) N/A N/A N/A

Crop residue reten�on U (4) P (5) N (3) CN (2)

Deep placement of fer�lizer P (3) CP (2) CP (2) CP (2)

Deep-pit systems N (1) N/A N/A N/A

Delay of fer�lizer applica�on N (1) N/A N/A N/A

Autumn vs. spring fer�lizer applica�on NN (1) N/A N/A N/A

Farmyard manure applica�on N/A P (2) N/A N/A
Fer�lize using macerate from herbs or plants for 
spraying N/A N/A P (1) N/A
Fer�lizer mixed with amendments (pyrise, zeolite 
& organic acids) P (1) P (1) P (1) P (1)

Fer�lizer with nitrifica�on inhibitors U (4) N (3) U (4) CN (2)

Fer�lizer with urease & nitrifica�on inhibitors P (1) N/A N/A N/A

Fer�lizer with urease inhibitors CP (3) CP (2) CP (2) CP (2)

Incorpora�on P (1) P (1) P (1) P (1)

Injec�on P (1) P (1) P (1) P (1)

Manure and mineral fer�lizer N/A P (1) N/A N/A

Manure storage covers for slurry manure P (2) N/A N/A N/A

Mineral fer�lizer N/A P (2) N/A N/A

Non-urea based fer�lizer P (1) P (1) P (1) P (1)

Organic fer�lizer/no fer�lizer NN (2) P (5) P (1) CP (2)

Organic soil amendments applica�on P (2) P (4) N/A N/A

Organic soil amendments applica�on; biochar CP (3) P (3) CP (2) N/A

Organic soil amendments applica�on; raw manure P (3) N/A N/A N/A

Polymer-coated urea NN (2) N/A N/A N/A

Pull-plug systems N (1) N/A N/A N/A

Reduce protein content P (1) P (1) P (1) P (1)

Separa�on of solid and liquid manure P (1) P (1) P (1) P (1)

Separa�on systems P (1) N/A N/A N/A

Shallow injec�on of manure U (1) N/A N/A N/A

Slurry fer�lizer (manure in liquid form) N/A NN (2) N/A N/A

Specific fer�lizer sources P (1) P (1) P (1) P (1)

Split applica�on NN (2) NN (2) NN (2) NN (2)

Store manure in field heaps N/A N/A P (1) N/A

Treat manure; use anaerobic digesters P (1) N/A N/A N/A

Urea ammonium nitrate NN (2) NN (1) NN (1) NN (1)

Notes: Number of publications investigating a given practice/domain combination can be found in parentheses. 
 = Consistently negative impact (CN);  = Negative impact (N);  = Neutral or no significant impact 

(NN);  = Positive impact (P);  = Consistently positive impact (CP);  = No data available (N/A) and 
impact unclear (U). Further details about the indicators and their impacts can be found in the supplementary 
material (supplementary material 1: Agri-environmental practices and their impact on environmental domains).
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category. With regard to “Fertilizer strategies”, data for 
“biodiversity” are only available for 19 out of 42 prac-
tices, whereas “climate change” is quite well covered (36 
out of 42). With regard to “Cultivation” practices, data 
are generally distributed evenly among the environmental 
domains. There is low coverage of “water” and “climate 
change” for the “Planting” category. Supplementary mate-
rial 6 additionally shows a clear lack of research on the 
impacts of “Combined practices” on “climate change”. 
The effect of “Grazing strategies” on “climate change” and 

“soil” is not covered at all. The effects on “biodiversity” 
are not well researched and it has the lowest coverage in 
relation to “Fertilizer strategies”, “Cultivation” (together 
with “climate change”), “Stable management” and “Feed-
ing strategies” (together with “soil” and “water”) and 
“Other”. Research investigating impacts on “biodiversity” 
concentrate on “Planting” and “Grazing strategies”, even 
though other practices in other categories may strongly 
affect “biodiversity”. However, not all practices can be 

Table 3   Effects of cultivation 
practices on the environment

PRACTICES: “CULTIVATION” CLIMATE SOIL WATER BIODIV

Abandonment of formerly ploughed fields N/A P (1) N/A N/A
An�-transpirants in drought management of 
arable crops N/A N/A P (1) P (1)

Cereals U (2) N/A N/A N/A

Controlled traffic farming P (1) P (1) P (1) N/A

Cover crops U (9) P (15) P (11) CP (3)

Crop diversifica�on CP (2) P (1) N/A CP (2)

Crop establishment N/A P (1) N/A N/A

Crop rota�on N (2) U (8) U (2) CP (3)
Cropped plant-weed compe��on by manipula�ng 
cropped cover N/A P (1) N/A N/A

Effluent applica�on on pastoral soils P (1) N/A N/A N/A

Fallow improvement P (1) P (1) N/A N/A

Field selec�on N/A P (1) N/A N/A

Grain legumes as pre-crop N/A N/A P (1) N/A

In-field plants N/A N/A N/A P (1)

Intercropping P (1) U (8) P (4) CP (2)

Intercropping with undersown cover N/A N (1) N/A P (1)

Irriga�on CP (3) CP (3) CP (3) CP (2)
Low density non irrigated vineyards N/A N/A P (1) N/A

Mechanical weed control tools N/A P (1) N/A N/A

Micro irriga�on systems N/A N/A P (1) N/A

No or natural herbicides P (1) P (1) P (1) P (1)

No or natural pes�cides P (1) P (1) P (1) P (1)

No-�llage P (1) U (10) U (3) P (3)

Organic ma�er addi�on N/A P (1) N/A P (1)

Precision agriculture N/A NN (1) NN (1) N/A
Reduced �llage/conserva�on �llage/less intensive 
�llage prac�ces U (5) P (14) CP (2) CP (3)
Sida hermaphrodita and silphium perfoliatum as 
energy crops P (1) P (1) N/A P (1)

Weed pathogenic fungi N/A P (1) N/A N/A

Weedy fallow N/A N/A P (1) N/A

Notes: Number of publications investigating a given practice/domain combination can be found in parentheses. 
 = Consistently negative impact (CN);  = Negative impact (N);  = Neutral or no significant impact 

(NN);  = Positive impact (P);  = Consistently positive impact (CP);  = No data available (N/A) and 
impact unclear (U). Further details about the indicators and their impacts can be found in the supplementary 
material (supplementary material 1: Agri-environmental practices and their impact on environmental domains).
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investigated in relation to all four environmental domains, 
as some practices are too specific.

Synthesis of environmental impacts by practice 
category

The tables in this section present practices included in the 
eight distinct categories and their impact on the four envi-
ronmental domains. The categories are arranged according 
to three broad topics: arable land (“Fertiilzer strategies”, 

“Cultivation” and “Planting: vegetation, landscape elements 
& other”), grassland (“Grazing strategies”) and livestock 
(“Feeding strategies” and “Stable management”). The cat-
egories “Other” as well as “Combined practices & bundles” 
are presented further below.

Fertilizer strategies

Table 2 shows 42 practices included in the category “Fer-
tilizer strategies” and their impact on each environmental 

Table 4   Effects of vegetation 
practices on the environment

PRACTICES: “PLANTING: VEGETATION, LANDSCAPE 
ELEMENTS & OTHER” CLIMATE SOIL WATER BIODIV.

Agri-silvicultural systems NN (2) CP (5) CP (3) P (4)

Beetle banks N/A P (1) N/A P (1)

Boundary plan�ng P (1) NN (1) N/A N/A

Enrichment plan�ng P (1) P (1) N/A N/A
Field margin plants (several plants & nectar & 
flowering plants)

CP (1)
P (1)

N/A CP (2)

Field margin plants (trees & shrubs) NN (1) P (1) N/A P (1)

Flower type (nectar, quality, �ming & quan�ty) N/A N/A N/A P (1)

Grassed waterways, terraces, contour farming, 
filter strips and/or riparian buffers P (2) P (2) CP (5) P (2)

Habitats for beneficial insects (growing cul�vars) N/A N/A P (1) P (1)

Hedgerows and/or woody plan�ngs CP (1) N/A P (1) CP (2)

Home gardens NN (1) P (1) N/A N/A
Introduce field margins, field edges and paths, 
headlands, fence-lines, rights of way, and nearby 
uncul�vated patches of land, maintenance, and 
restora�on of hedgerows and other vegeta�on 
features at field boarders

N/A CP (2) P (1) CP (4)

Other plan�ngs (e.g. wide-spaced belts or blocks 
on hillslopes and gully wall plan�ngs) CP (2) CP (2) CP (2) P (1)
Passive and ac�ve restora�on of agroecosystems 
(land sharing and land sparing)

N/A
N/A

N/A P (1)

Perennials CP (2) CP (2) P (1) N/A

Remnant N/A P (1) N/A P (1)

Re-vegeta�on N/A P (1) N/A NN (1)

Riparian vegeta�on N/A CP (1) P (1) P (1)
Short-rota�on woody cropping in silvicultural 
systems N/A

N/A N/A N (1)

Silvopasture NN (1) P (2) N/A CP (1)

Skylark plots N (1) N/A N/A N/A

Strips and borders of non-crop vegeta�on around 
agricultural lands CP (1) P (2) P (1) CP (3)

Trees on farmland N/A P (1) P (1) CP (4)

Wildflower strips N/A P (1) N/A P (1)

Windbreaks/shelterbelts N/A P (1) P (1) CP (2)

Woodlots P (1) NN (1) N/A N/A

Notes: Number of publications investigating a given practice/domain combination can be found in parentheses. 
 = Consistently negative impact (CN);  = Negative impact (N);  = Neutral or no significant impact 

(NN);  = Positive impact (P);  = Consistently positive impact (CP);  = No data available (N/A) and 
impact unclear (U). Further details about the indicators and their impacts can be found in the supplementary 
material (supplementary material 1: Agri-environmental practices and their impact on environmental domains).
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Table 5   Effects of grazing 
practices on the environment.

PRACTICES: “GRAZING STRATEGIES” CLIMATE SOIL WATER BIODIV

Complex grazing pa�erns N/A P (1) N/A N/A

Con�nuous moderate grazing N/A P (1) P (1) P (1)

Livestock grazing N/A N (2) N (1) NN (4)

Livestock guardian animals N/A N/A N/A P (1)
Rota�onal/deferred-rota�onal grazing with low or 
moderate stocking rates

N/A NN (3) NN (2) P (1)

Strategic rest grazing N/A CP (2) N/A NN (1)

Targeted livestock grazing N/A N/A N/A P (1)

Notes: Number of publications investigating a given practice/domain combination can be found in parentheses. 
 = Consistently negative impact (CN);  = Negative impact (N);  = Neutral or no significant impact 

(NN);  = Positive impact (P);  = Consistently positive impact (CP);  = No data available (N/A) and 
impact unclear (U). Further details about the indicators and their impacts can be found in the supplementary 
material (supplementary material 1: Agri-environmental practices and their impact on environmental domains).

Table 6   Effects of feeding 
practices on the environment.

PRACTICES: “FEEDING STRATEGIES” CLIMATE SOIL WATER BIODIV

Crude protein content reduc�on P (3) P (1) CP (2) P (1)

Cul�va�on of more nutri�ous forage plants P (1) N/A N/A N/A

Dietary acidifier P (1) P (1) P (1) P (1)
Dietary addi�ves (cinnamon extracts, Ferix-3, 
Al+Clear, zeolite, etc.)

U (3) P (1) P (1) P (1)

Dietary bacteria P (1) P (1) P (1) P (1)

Yucca extract P (1) P (1) P (1) P (1)

Notes: Number of publications investigating a given practice/domain combination can be found in parentheses. 
 = Consistently negative impact (CN);  = Negative impact (N);  = Neutral or no significant impact 

(NN);  = Positive impact (P);  = Consistently positive impact (CP);  = No data available (N/A) and 
impact unclear (U). Further details about the indicators and their impacts can be found in the supplementary 
material (supplementary material 1: Agri-environmental practices and their impact on environmental domains).

Table 7   Effects of stable 
management practices on the 
environment.

PRACTICES: “STABLE MANAGEMENT” CLIMATE SOIL WATER BIODIV

Addi�ve usage NN (1) NN (1) NN (1) NN (1)

Adsorbent usage P (1) P (1) P (1) P (1)
Air scrubbers P (1) N/A N/A N/A

Change of rela�ve humidity inside barn NN (1) N/A N/A N/A

Change of wind speed inside barn NN (1) N/A N/A N/A

Floor management P (1) P (1) P (1) P (1)

Frequent manure removal P (1) N/A N/A N/A

Lower air temperature inside barn P (1) N/A N/A N/A

Lower ven�la�on rates P (1) N/A N/A N/A

Mechanical management (air and manure 
cleaning systems)

P (1) P (1) P (1) P (1)

Urease inhibitors P (1) P (1) P (1) P (1)

Notes: Number of publications investigating a given practice/domain combination can be found in parentheses. 
 = Consistently negative impact (CN);  = Negative impact (N);  = Neutral or no significant impact 

(NN);  = Positive impact (P);  = Consistently positive impact (CP);  = No data available (N/A) and 
impact unclear (U). Further details about the indicators and their impacts can be found in the supplementary 
material (supplementary material 1: Agri-environmental practices and their impact on environmental domains).
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domain. Nineteen practices were analyzed with respect to 
each of the four environmental domains, two practices with 
respect to three, one with respect to two and twenty with 
respect to just one.

Many practices in this category have positive impacts on 
all four environmental domains. In particular, “water” and 
“soil” have a high relative share of positive effects. How-
ever, in relation to several practices, there is a lack of data 
for some environmental domains. This is especially the 

case for “biodiversity” (data for only 19 practices), but also 
applies to “water” and “soil” (23 and 26 practices with data 
respectively).

Practices with a consistently positive environmental 
impact and good availability of data are controlled-release 
fertilizer (i.e. a granulated fertilizer that releases nutrients 
gradually into the soil), fertilizer with urease inhibitors 
and deep placement of fertilizer. Amendments (e.g. apply-
ing organic amendments or pyrise/zeolite) and practices 

Table 8   Effects of other 
practices on the environment.

PRACTICES: “OTHER” CLIMATE SOIL WATER BIODIV
(Woodchip) bioreactors N/A N/A P (1) N/A

Compos�ng & vermicompos�ng NN (1) P (1) P (1) N/A

Controlled drainage N/A N/A P (1) N/A

Crop livestock integra�on P (1) P (2) CP (2) P (1)
Denitrifica�on barriers such as walls, layers & 
beds P (1) P (1) P (1) P (1)

Establishment and maintenance of wetlands N/A N/A P (1) P (1)

Precision livestock farming P (1) N/A N/A N/A

Promoting livestock (ca�le) N (1) N (1) N (1) NN (1)

Seedbed prepara�on or transplanting N/A P (1) N/A N/A
Streambank fencing N/A N/A CP (2) N/A

Notes: Number of publications investigating a given practice/domain combination can be found in parentheses. 
 = Consistently negative impact (CN);  = Negative impact (N);  = Neutral or no significant impact 

(NN);  = Positive impact (P);  = Consistently positive impact (CP);  = No data available (N/A) and 
impact unclear (U). Further details about the indicators and their impacts can be found in the supplementary 
material (supplementary material 1: Agri-environmental practices and their impact on environmental domains).

Table 9   Effects of combined 
practices on the environment.

PRACTICES: “COMBINED PRACTICES & BUNDLES” CLIMATE SOIL WATER BIODIV

Conserva�on agriculture N/A P (1) P (1) P (1)

Conserva�on plans N/A N/A P (1) N/A

Cover crops & no-�llage N/A P (3) P (1) CP (2)
Cropland best management prac�ces (i.e. cover 
crops, nutrient management plans, buffers, 
conserva�on �llage)

N/A N/A P (1) N/A

External organic amendments & cover crops N/A P (1) N/A N/A

External organic amendments & no-�llage N/A P (1) N/A N/A

Fallow with no-�llage & dead mulches N/A N/A N/A NN (1)
Livestock best management prac�ces (i.e. 
exclusion, buffers, pasture management) 

N/A N/A P (1) N/A

No-�llage & crop rota�on/perennial crop & 
reduced N rate

P (1) P (1) N/A N/A

Organic agriculture N/A P (1) P (1) P (1)

Residue reten�on & no-�llage N/A CP (2) N/A N/A
Whole farm best management prac�ces (i.e. 
combined livestock and cropland best 
management prac�ces)

N/A N/A P (1) N/A

Notes: Number of publications investigating a given practice/domain combination can be found in parentheses. 
 = Consistently negative impact (CN);  = Negative impact (N);  = Neutral or no significant impact 

(NN);  = Positive impact (P);  = Consistently positive impact (CP);  = No data available (N/A) and 
impact unclear (U). Further details about the indicators and their impacts can be found in the supplementary 
material (supplementary material 1: Agri-environmental practices and their impact on environmental domains).
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addressing the storage of manure (e.g. manure covers) have 
continuously positive effects on environmental domains. 
Conversely, the application of ammonium bicarbonate has 
been found to have negative impacts on all four environmen-
tal domains. The impacts of urea on the four environmental 
domains appear to be unclear; using non-urea-based ferti-
lizer or fertilizer with urease inhibitors has a positive impact 
on the four environmental domains considered. However, the 
impact of using urea ammonium nitrate or polymer-coated 
urea is neutral. The apparent positive effects of avoiding 
urea are interesting, because although the latest fertilizer 
ordinance in Germany (2017) allows the application of urea 
fertilizers if a urease inhibitor has been added, urease can 
also be used without urease inhibitors if it is incorporated 
immediately (i.e. not later than four hours after application).

While adjusting the fertilizer input to crop needs has a 
positive impact, changing the fertilizer rate and timing (e.g. 
delaying fertilizer application) has mixed effects on the envi-
ronmental domains.

Cultivation

Table 3 presents 29 practices included in the category “Cul-
tivation” and their impact on each environmental domain. 
Eight practices were analyzed with respect to each of the 
four environmental domains, three practices with respect 
to three, five with respect to two and thirteen with respect 
to only one.

The practices included in this category have positive 
effects on the environmental domains “climate change”, 
“soil”, “water” and consistently positive effects on “biodi-
versity”. There is no practice in this category that has solely 
negative effects on the four environmental domains consid-
ered, and only two practices have any negative effects at 
all (crop rotation/climate and intercropping with undersown 
cover/soil). For several practices, however, there is a lack 

of data on environmental impacts on some of the domains, 
especially “biodiversity” (no data for 15 out of 29 practices), 
“climate change” (15) and “water” (14).

Interestingly, precision agriculture is analyzed by only 
one publication, despite the fact that it is an increasingly 
popular topic in policy and practice and is assumed to have 
numerous benefits for the environment and farmers alike due 
to the targeted use of inputs (Finger et al. 2019).

Using organic or natural inputs has been found to have 
only beneficial effects on the environmental domains (i.e. 
using additional organic matter and either no herbicides or 
pesticides or only natural ones).

Varying crops has contradictory results: intercropping 
(i.e. growing two or more crops simultaneously on the same 
land), crop establishment (transplanting rather than sowing 
whenever possible and choosing an adequate date and mode 
of sowing and transplanting, e.g. sowing depth, inter-row 
distance, accurate steering) and crop diversification (i.e. 
growing more than one crop on a given site) have positive 
effects on the environmental domains. However, the impacts 
of crop rotation (i.e. growing a series of different crops on 
the same site in different growing seasons) on the four envi-
ronmental domains considered are rather unclear; indeed, 
for “climate change”, the impact is negative.

Controlled traffic farming (i.e. reducing soil compaction 
caused by agricultural machinery) is one aspect of no-tillage 
and reduced tillage practices, and has only positive effects 
on the environmental domains. Tillage practices per se, how-
ever, have several unclear effects on the environment.

Cover crops have mostly positive effects on the four 
environmental domains considered, yet the impact on 
“climate change” is unclear. This may be due to the many 
types of cover crops and other influencing domains such 
as soil type, climatic region or the cash crop (for more 
specific interconnections, see supplementary material 1: 
Agri-environmental practices and their impact on environ-
mental domains).

Fig. 1  Temporal distribution 
of reviews and meta-analyses 
included in the study
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Irrigation stands out because it is found to be consistently 
positive for all four environmental domains. This is due to 
the baselines of the reviews and meta-analyses (here, for 
example drip irrigated systems vs. sprinkler systems, local-
ized irrigation—e.g. sub-irrigation—vs. standard irrigation, 
improved irrigation and technology vs. standard irrigation). 
Thus, practicing irrigation in general might not be benefi-
cial for the four environmental domains considered, but if a 
farmer already uses irrigation practices, then specific vari-
ants of these practices may serve to mitigate the negative 
effects. Further details about the baselines of each practice 
can be found in the supplementary material (supplementary 
material 1: Agri-environmental practices and their impact 
on environmental domains).

Planting: vegetation, landscape elements & other

Table  4 presents 26 practices included in the category 
“Planting: vegetation, landscape elements & other” and their 
impact on each of the four environmental domains consid-
ered here. Four practices within the category were analyzed 
with respect to each environmental domain, eight practices 
with respect to three, eleven with respect to two and four 
with respect to only one. Regarding this category, the envi-
ronmental domain “water” has the largest data deficit (15 of 
26 practices without data), but also “climate change” data 
are missing for around half the practices in this category 
(12 of 26).

Overall, the practices within this category have predomi-
nantly positive effects, with only few ambiguous and nega-
tive effects on the environmental domains considered. Par-
ticularly, the impacts on “water”, “soil” and biodiversity” 
are consistently positive. Practices with data availability for 
each domain and positive environmental impact are other 
plantings (here: wide-space belts and gully wall plantings, 
for example), grassed waterways, terraces, contour farm-
ing, filter strips and/or riparian buffers and strips as well 
as borders of non-crop vegetation around agricultural land. 
The least promising practices are short-rotation woody crop-
ping (i.e. woody tree species with extremely high rates of 
growth) in silvicultural systems and skylark plots (i.e. small 
undrilled patches within cereal fields) although there is too 
little literature available to make any general assumptions.

Practices that include flowers or hedgerows have been 
found to have only positive impacts on the environmental 
domains, while the results of practices including trees are 
more ambiguous. Growing crops and trees on the same piece 
of land (i.e. agri-silvicultural systems), integrating trees, for-
age and grazing (i.e. silvopasture) as well as planting trees 
and shrubs on field margins have positive effects on the envi-
ronmental domains of “soil”, “water” and “biodiversity” but 
mixed effects on “climate change”. The reason for mixed 
effects on climate change can be found in the baseline used 

for the analysis and other domains (e.g. time elapsed since 
the practice was implemented, region). Details for each 
domain can be found in the supplementary material (sup-
plementary material 1: Agri-environmental practices and 
their impact on environmental domains).

Grazing strategies

Table 5 presents seven practices included in the category 
“Grazing stategies” and their impact on each environmen-
tal domain. No practice was analyzed with respect to all 
four environmental domains, three practices were analyzed 
with respect to three, one with respect to two and three with 
respect to only one domain. Interestingly, no publication 
investigated the impact of grazing strategies on “climate 
change”. In some instances, there is also a lack of data for 
other environmental domains.

Grazing strategies have a consistently positive effect on 
“biodiversity”, while their effects on “soil” and “water” are 
ambiguous.

Continuous moderate grazing has the most reliable posi-
tive environmental impact. The other practices are either 
less promising or else there is only limited data available 
for different environmental domains. In particular, livestock 
grazing has rather disadvantageous effects on the environ-
mental domains.

The practice of livestock grazing in general seems to have 
negative impacts on the four environmental domains con-
sidered. This applies to grazing in salt marshes, croplands 
and wetlands. Moreover, grazing seems to have negative 
impacts if the baseline is “ungrazed areas” or “no grazing”. 
However, if a farmer already practices grazing, introducing 
grazing strategies seems to reduce the negative impacts to 
some extent and is therefore preferable to not using grazing 
strategies.

Feeding strategies

Table 6 presents six practices included in the category 
“Feeding strategies” and their impact on each environmen-
tal domain. Five practices within the category were analyzed 
with respect to each of the four environmental domains and 
one practice with respect to only one. Data are readily avail-
able for this category; there is a lack of data only regarding 
the cultivation of more nutritious forage plants.

Overall, the practices within this category have positive 
effects on the four environmental domains. For the domains 
“soil”, “water” and “biodiversity”, the overall effect of the 
practices is consistently positive. The practice of intro-
ducing dietary additives has unclear impacts on “climate 
change” as measured by the environmental indicators. This 
might result from the large number of dietary additives and 
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livestock combinations (Lewis et al. 2015). Using dietary 
acidifier, dietary bacteria and yucca extract or reducing the 
crude protein content all have rather beneficial impacts on 
all four environmental domains.

Stable management

Table 7 presents eleven practices included in the category 
“Stable management” and their impact on each environmen-
tal domain. Five practices within the category were ana-
lyzed with respect to each of the four environmental domains 
and six practices with respect to only one. No data exist for 
“soil”, “water” and “biodiversity”.

Overall, the practices within this category have positive 
effects on the environmental domains while the environ-
mental indicators were found to be in synergy with each 
other. However, only three publications were included in the 
category, which again makes it difficult to provide general 
statements about the effects of “Stable management” on the 
four environmental domains considered.

Interestingly, reducing ventilation rates inside the barn 
has positive effects on “climate change”, whereas chang-
ing the wind speed inside the barn has no significant effect 
on “climate change”. This could be due to the fact that air 
velocities are highly variable inside barns (Sanchis et al. 
2019).

Other

Table 8 presents ten practices included in the category 
“Other” and their impact on each of the four environmental 
domains. Practices within this category did not fit into any of 
the other categories and come from various thematic areas. 
Three practices were analyzed with respect to each of the 
four environmental domains, one practice with respect to 
three, two with respect to two and four with respect to only 
one. There is a lack of data particularly for “biodiversity”. 
For most practices in this category, the environmental effects 
were found to be positive.

Practices that have positive effects on all the environmen-
tal domains are crop livestock integration and denitrification 
barriers. This is in line with the previous findings, where we 
saw that a similar trend can be observed for the integration 
of crops and trees (agri-silvicultural systems) and the inte-
gration of trees/forage and grazing (silvopasture).

Just as the practice of livestock grazing seems to have 
negative impacts on the environment, the practice of pro-
moting livestock (i.e. beef production) also seems to have 
negative impacts on the environmental indicators. How-
ever, if a farmer already practices cattle farming, then 
introducing different agri-environmental practices may 
impact the environment positively (Pogue et al. 2018). 

Other practices within the category (e.g. vermicompost-
ing, a process by which various species of worms are used 
to convert organic material into vermicompost, or estab-
lishing and maintaining wetlands) are also advantageous 
for the environment. However, data are lacking for several 
domains.

Combined practices & bundles

Table 9 presents twelve practices included in the category 
“Combined practices & bundles” and their impact on each 
environmental domain. Within this category, no practice 
was analyzed with respect to each of the four environmen-
tal domains, three practices were analyzed with respect to 
three, one with respect to two and nine with respect to only 
one. Data are lacking in particular for the environmental 
domains of “climate change” and “biodiversity”.

This category is rather interesting, since practices that 
are adopted in bundles may have other impacts on the 
environment than each of them when adopted alone. The 
bundles “conservation agriculture” and “organic agricul-
ture” were included only if the publication specifically 
stated which practices were tested and included within 
the study (supplementary material 1: Agri-environmental 
practices and their impact on environmental domains).

Adoption of one practice often triggers complementary 
adoption of other practices (e.g. a switch to no-till usually 
requires application of herbicides). As single practices, 
introducing cover crops was found to have neutral effects 
on “climate change”, positive effects on “soil” and “water” 
and consistently positive effects on “biodiversity” (see 
Table 33 above). Using no-tillage appears to have positive 
effects on “climate change”, unclear effects on “soil” and 
“water” and positive effects on “biodiversity” (Table 33). 
This review revealed that combining cover crops and no-
tillage improves the environmental performance of the 
latter especially.

Almost every practice within this category has posi-
tive effects on the four environmental domains considered, 
with the sole exception of fallow with no-tillage and dead 
mulches, which has been found to have non-significant 
effects on “biodiversity”. This arguably indicates that bun-
dles may compensate each other’s shortcomings. Especially 
the domains “water” and “soil” have been found to benefit 
from the practices within this category.

Discussion

This study synthesized the empirical results regarding 
the effects of 144 agri-environmental practices on four 
environmental domains—biodiversity, water quality, soil 
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health and climate change—using 132 environmental indi-
cators. Some practices were prevalent (e.g. cover crops 
or tillage practices) and others were unexpectedly under-
represented (e.g. precision agriculture). The latter does 
not imply that empirical studies investigating the effects 
of precision agriculture on the environment do not exist 
(e.g. Jensen et al. 2012) but rather that there are very few 
literature reviews or meta-analysis of the topic.

Summary of findings

In all the categories of agricultural practices, the effects 
of the practices were consistent across each of the four 
environmental domains considered, and few trade-offs 
are apparent. However, some practices are clearly ben-
eficial for one environmental domain and problematic for 
another: the environmental domain of “climate”, for exam-
ple was found to occur most often in trade-offs. A trade-off 
occurs if a practice has unclear, negative or consistently 
negative effects on one environmental domain and positive 
effects on others.

Looking at practices applied on arable land, modes of 
fertilizer application are particularly important in terms of 
environmental impacts. Similarly, amendments and prac-
tices addressing the storage of manure (with clear links to 
livestock production) have consistently positive effects on 
environmental impact areas. Practices using organic and 
natural inputs have been found to be beneficial for the four 
environmental domains considered. Adaptation of these 
practices applied on arable land can therefore be seen as 
an opportunity for sustainable agriculture in Germany. The 
overall picture is more unclear in the context of grasslands 
(i.e. “Grazing strategies”), as compared to arable land. In 
particular, the effects of relevant practices on “soil” and 
“water” are unclear and little data is available for “climate 
change”.

This review revealed that in many cases (e.g. irrigation, 
field margin plants such as trees and shrubs) there is an 
important difference between the implementation and the 
design of a practice. This means that the way a practice 
is implemented depends largely on the baseline, that is on 
the (environmental) conditions in which the practice is 
applied. If, however, a practice is already being applied, 
there are several possible modes of implementation that 
can compensate for any negative impacts. The following 
example illustrates this. Generally, livestock grazing has 
negative impacts on the four environmental domains con-
sidered. However, if a farmer already practices grazing, 
introducing specific grazing strategies can at least partly 
offset the negative impacts. This demonstrates the impor-
tance of explicitly considering the baseline used to evalu-
ate the environmental impacts of agricultural practices. 

However, other domains such as animal welfare should 
also be included in the decision-making process. Impor-
tantly, these insights should be considered in a context-
specific way to inform farm management and agri-envi-
ronmental policy. The analysis of practice bundles, which 
are even more context-sensitive than individual practices, 
shows that a combination of practices can sometimes off-
set the negative impacts of individual practices. Practice 
bundles are a promising approach; however, more research 
is needed, especially regarding the domain of climate 
change.

Limitations

The findings of this study are subject to certain limitations. 
First, the impacts of practices on environmental domains 
were summarized qualitatively, based on the number and 
direction of the environmental indicators across studies, 
without considering issues of comparability between indi-
cators or, more significantly, the magnitude of the effects. 
Summarizing the effects in such a qualitative way may result 
in counting the same environmental indicator twice if it 
appears in different studies for the same practice. For trans-
parency on this point, all the indicators that form the basis 
of the summary impacts can be viewed in the supplementary 
material (supplementary material 1: Agri-environmental 
practices and their impact on environmental domains). Sec-
ond, the methodologies of the studies reviewed here were 
not evaluated in detail, so that the quality of the studies 
included is likely to vary. The minimum standard require-
ment used here was to include only those publications with 
a semi-systematic method. Future research could investi-
gate the magnitude of the effects of those practices identified 
as beneficial in this study. Third, the approach used in this 
review of reviews required several subjective judgements, 
particularly when it came to defining categories of practices 
and deciding on the environmental domains to be included. 
This was necessary to increase the interpretability of the 
results, but it necessarily involves ambiguities. To minimize 
any potential bias, we provide more detailed accompanying 
information wherever possible (including the supplementary 
material).

Policy implications and further research

This review has uncovered substantial knowledge gaps (sup-
plementary material 6: Descriptive statistics of for catego-
ries of practices). For instance, no syntheses are available 
on the climate effects of grazing or combined practices. In 
the category “Planting: vegetation, landscape elements & 
other”, “climate change” data are lacking for around half 
the practices. This is interesting, as the positive relation-
ship between landscape elements, vegetation and climate 
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resilience is firmly embedded in the CAP’s support for eco-
logical focus areas (European Comission 2017). Similarly, 
the scarcity of data for the impacts of fertilizer strategies 
on “water” is highly policy-relevant, because several CAP 
cross-compliance measures refer to the impacts of fertili-
zation on water quality (e.g. good agricultural and envi-
ronmental conditions) (European Comission 2020). While 
research may exist on these questions, there is a need to 
synthesize the relevant findings in order to provide a sound 
basis for policy making. At least equally important is the 
fact that only very few publications integrated the economic 
dimension into the analysis. Yet consideration of not only 
the environmental benefits of practices but also their asso-
ciated (opportunity) costs and, ultimately, their economic 
feasibility is crucial to developing robust agri-environmental 
policy. Further research should examine the costs of agri-
cultural practices, since knowledge of opportunity costs is 
essential to selecting suitable agri-environmental manage-
ment practices.

The suitability and environmental impacts of agri-envi-
ronmental practices are highly context dependent; many dif-
ferent farming contexts exist even in Germany alone (Seufert 
and Ramankutty, 2017). In a meta-analysis of environmental 
domains driving the effectiveness of agri-environmental pol-
linator practices, Scheper et al. (2013) found that the impact 
of practices on the environment varies with the landscape 
context in which they are applied. Similarly, Graham et al. 
(2018) and Jian et al. (2020), both of which were included 
in this review, emphasize that the impact of practices var-
ies with the context in which they are applied, i.e. how, 
when and where they are adopted (e.g. which hedgerow is 
beneficial for which insect, or which cover crop is advanta-
geous for the environment may depend on the cash crop 
that follows, soil type or on the climatic region). The publi-
cations which included the impact of practices in different 
contexts relevant to German farmers can be viewed in the 
supplementary material (supplementary material 1: Agri-
environmental practices and their impact on environmental 
domains); these impacts can be very heterogeneous and may 
differ from the synthesized effects of all contexts shown in 
the present study. This has important implications for policy, 
as one-size-fits-all approaches are not the best choice; poli-
cies should rather be flexible, scalable and adaptable to local 
conditions. Thus, knowledge of local situations is crucial, 
and approaches such as result-based schemes (i.e. offering 
the farmer a payment conditional on achieving a quantifiable 
environmental objective while leaving the choice of action to 
achieve the objective up to the farmer) should be given pref-
erence over the more widespread action-based schemes (i.e. 
offering the farmer a uniform payment for adopting specific 
agri-environmental practices) (Bartkowski et al. 2021). This 
view is supported by Schlaich et al. (2015) as well as Walker 
et al. (2018), who find that if agri-environmental practices 

are geographically and ecologically targeted, agri-environ-
mental practices deliver expected environmental outcomes.

Based on the results of this review, the application of indi-
vidual practices relevant to German farmers (e.g. planting 
strips and borders of non-crop vegetation around farmland) 
can be recommended and may serve as a basis for policy 
interventions with clear environmental objectives. How-
ever, as the impact of various practices on the environment 
depends crucially on the context of application, most empha-
sis should be placed on practices that have been found to be 
consistently positive across several environmental domains. 
This study reveals that bundles of practices relevant to Ger-
man farmers have consistently positive impacts on the four 
environmental domains considered, since the adoption of a 
practice often implies the adoption of other, complementary 
practices. These results support the approach of providing 
incentives for more holistic changes in agricultural manage-
ment, shifting the focus from applying agricultural practices 
in a “pick-and-mix” manner to considering the farming sys-
tem in question as a whole (cf. Leventon et al. 2019). How-
ever, further research needs to address the direct comparison 
between bundles and single practices, as the bundles consid-
ered in this review consist of coherent practices (i.e. the way 
different practices complement one another was considered 
in their selection as a bundle). Furthermore, more research 
is needed into how policy design and different governance 
approaches can facilitate the context-specific adoption and 
implementation of sustainable practices.

Rockström et al. (2017) describe the vision of a para-
digm shift in agriculture that would transform it from its 
current role as a major contributor to global environmental 
change to that of being a key driver of the global transition 
to a sustainable world. Agri-environmental practices are a 
key component of this transition. In their analysis of the 
importance of agricultural production in efforts to curtail 
anthropogenic climate change, Lynch et al. (2021) empha-
size that climate change mitigation in agriculture is a very 
broad topic that needs to consider many factors, including 
economic feasibility.

To conclude, this review examines a wide range of 
agri-environmental practices as well as practice bundles 
incorporated into eight distinct categories (i.e. “Fertilizer 
strategies”, “Cultivation”, “Planting: vegetation, landscape 
elements & other”, “Grazing strategies”, “Feeding strate-
gies”, “Stable management”, “Other” and “Combined prac-
tices and bundles”) and their impacts on key environmental 
domains. It thus provides a degree of orientation as to which 
practices can be used in a transition toward more sustainable 
agriculture in Germany. In addition, the present review con-
tributes toward research on anthropogenic climate change by 
not only investigating the feasibility of agri-environmental 
practices to mitigate climate change but also illustrating the 
synergies and trade-offs with other environmental domains.
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