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Abstract 

With months of drought, hot summers and flooding, global warming has also become 
increasingly apparent in Germany over recent years. The Climate Protection Act, which was 
amended in 2021, therefore aims to achieve climate neutrality by 2045. At the same time, a 
favourable conservation status for habitats, species and water bodies are still the exception 
in cultivated landscapes, in spite of obligations under European law to achieve this. In this 
article, we estimate the potential impacts of various landscape designs and integrated land-
use measures in terms of climate change mitigation and adaptation, favourable conservation 
status as well as long-term food security and profitable land use. Based on these impact 
assessments, we then identify priority measures to be taken. The comparative assessment of 
effectiveness is intended to help prioritise the most suitable measures in view of limited 
financial and human resources. 
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1 Introduction 
In 2022, climate change continued with the same trend as in recent years in Central Europe, 
once again leading to longer periods of drought throughout large parts of Germany. The lack 
of precipitation over the last 5 years has worsened overall, exacerbating the problems in 
forests and water bodies (including tree and fish mortality), while causing considerable yield 
losses in agriculture in some cases.1 The weather in Central Europe appears to be changing 
faster than previously assumed in climate projections2. Average temperatures in Europe have 
already exceeded the global 2°C limit in recent years,3 increasing the pressure to act, both in 
terms of climate protection and climate adaptation. Agricultural landscapes are of particular 
importance in both fields of action, as they are characteristic of large areas of Germany and 
are under particular pressure to adapt4, as they have great potential for climate protection. 5 

In our previous discussion paper "Sustainable cultivated landscapes in Germany: Goals and 
Requirements from an Ecological, Economic and Legal Perspective", we summarised the 
objectives and requirements for cultivated landscapes in Germany – dominated by agriculture 
and forestry – from an ecological, economic and legal perspective.6 According to our 
understanding of sustainability, cultivated landscapes are sustainable if they can be used for 
agriculture, forestry and other land uses in the long term, while at the same time maintaining 
or (in the case of degraded habitats) restoring the performance of the ecosystem functions 
and the quality of the habitat. The German Advisory Council on the Environment deems this 
to be sustainable and environmentally sound.7 To date, economic and social objectives and 
framework conditions have led to an intensification of anthropogenic land use in most 
cultivated landscapes in Germany (in particular agricultural production, settlements and 
transport), at the cost of degraded ecosystems and the loss of wild plants and animals.8 This 
contradicts not only the international Sustainable Development Goals as well as the national 
sustainability goals,9 but also the existing legal requirements under international and 
European law and Article 20a of the German Basic Law, which obligate Germany to protect 
the natural foundations of life and to restore good ecological conditions for habitats, species 
and water bodies.10 Of particular note here is the European Nature Restoration Regulation 
2024/1991, which was adopted in June 2024 and obliges the member states to restore 
ecosystems in cultivated land, surface waters and marine areas in a comprehensive and time-
bound manner.  

Good ecological conditions are a prerequisite for many ecosystem services that our society 
uses free of charge. In addition, the more disturbed, overused or degraded that soils, water 
bodies and habitats are, the greater the vulnerability of cultivated landscapes to climate 
change and extreme weather events.11 Conversely, the impacts of climate change can be 
mitigated if existing environmental problems in cultivated landscapes are minimised as much 
as possible and cultivated landscapes become climate-neutral in the medium term and act as 
carbon sinks in the long term. 12  
Dynamic changes in cultivated landscapes are not only caused by climate change, but also by 
species population changes, the introduction of non-native species and societal changes, such 
as the legal framework, the economic market situation, consumption patterns or the leisure 
behaviour of the population. Climate-adapted and sustainable cultivated landscapes must 
therefore be highly resilient, tolerant and flexible in the face of short-term disruptions and 
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long-term changes, the nature, extent and timing of which all remain uncertain, even with 
state-of-the-art computer modelling. Measures to promote such cultivated landscapes are 
risk-prevention measures in the sense of the precautionary principle.13 

In this article, we present a selection of measures to promote climate-adapted, sustainable 
cultivated landscapes and evaluate them with regard to the following objectives: 

• Increasing resilience to extreme weather events intensified by climate change (e.g. 
heavy rain, floods, storms, heat and drought, late frosts); 

• Climate neutrality of cultivated landscapes;  
• A good ecological conservation status of water bodies, habitats and species; 
• The long-term security of food, drinking water and biomass, and 
• Long-term economic profitability and income security. 

The above objectives were prioritised by the team of authors using the objectives and 
obligations identified in the previous paper from ecological, legal and economic 
perspectives.14 In our opinion, the objectives reflect the most important societal interests in 
cultivated landscapes, integrating a large number of more specific objectives, such as the 
preservation or restoration of the water absorption capacity and water storage capacity of 
soils, the creation of retention areas or the reduction of nutrient and pollutant loads to protect 
ecosystems.15 The 5 objectives are interrelated, which is why there are also overlaps in some 
cases. 

Sections 2 and 3 of this paper are intended to provide policy makers, landowners and land 
users with an overview of various measures with positive effects on as many of the five 
objectives as possible, and to identify and discuss possible conflicts with specific objectives. 

2 Measures to promote climate-adapted and 
sustainable cultivated landscapes 

Tables 1 to 3 contain a selection of measures which, according to our findings, best promote 
the establishment of climate-adapted and sustainable cultivated landscapes. To make things 
more transparent, we have differentiated between landscape design measures and 
production-integrated agricultural and forestry management measures in the tables. The 
transition between the two categories is fluid, as landscape design measures change the way 
in which the land is used for agriculture and forestry and, conversely, the way in which the 
land is managed shapes the landscape and directly or indirectly influences the ecosystems in 
a landscape. 

We have differentiated between the two groups of measures primarily according to the extent 
to which they are measures of "everyday management" within a specific agricultural and 
forestry land use (production-integrated) or whether they measure results in a change in the 
type of use (landscape-shaping) in accordance with the jurisdiction of the Federal 
Administrative Court on Section 14 (2) BNatSchG.16 Non-everyday farming methods also 
include measures for improvement and changes to the water regime of land (e.g. the creation 
of terraces and ditches, removal of drainage ditches or drainage systems). 
Numerous studies were consulted for the selection of measures and the assessment.17 Then 
came the expert knowledge from our team of authors, particularly in the case of economic 
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profitability, where the evidence is largely selective and unsystematic. The economic 
assessment is based on business economics and not macroeconomics. Existing or future state 
subsidies (e.g. direct payments or subsidies under the second pillar of the Common 
Agricultural Policy) were not taken into account for two reasons. Firstly, these distort the 
economic assessment. Secondly, a possible need for subsidies, e.g. for conversion costs or 
higher management costs, can only be recognised if they are not taken into account. 

The measures that were analysed are not new, but have been scientifically researched for 
some time and applied in practice to varying degrees. Nevertheless, our assessments are at a 
higher level of abstraction. Firstly, because existing field studies did not analyse all measures 
or all landscape types in Germany and only partially investigated the effects with regard to the 
objectives we selected. Secondly, because the measures analysed can be implemented in 
different ways and to a different extent and also have different effects on the specific 
landscapes depending on the local conditions. The assessments are therefore to be 
understood as trends and development curves for the average effects of the measures, which 
can be regarded as plausible according to our state of knowledge. 

We used the following assessment scale for potential impacts: 

(++) Measure significantly promotes the objective 
(+) Measure has a predominantly positive effect on the objective 
(+/-)  Measure is neutral overall, i.e. it has no significant impact on the objective or 

the positive and negative effects roughly balance each other out 
(-) Measure has a predominantly negative impact on the objective 
(- - ) Measure substantially hinders the objective 

The assessment is relative, as it is based on the positive or negative deviations from a 
reference state, with the assumed reference state based on the current predominant state in 
local cultivated landscapes. In the case of landscape-related measures, this is a landscape with 
large fields, few landscape elements, improved and drained areas with watercourses that have 
been extensively altered for rapid, area-saving water runoff. For production-integrated 
measures, we assumed conventional agriculture with reduced crop rotations without 
intercropping and mixed crops as well as the use of fertilisers and pesticides geared towards 
high yields. In forestry, monocultures of spruce, pine or beech are the reference values. The 
assumption of these highly simplified reference conditions was essential for comparability, 
even if it does not reflect the diversity of land uses and management forms that already exist 
in many landscapes today (e.g. small-structured landscapes, mixed forests). Tables 1 to 3 can 
therefore also be used to assess current landscapes according to the extent to which they 
already feature the selected landscape-related or production-integrated measures and are 
therefore already better adapted to climate change and designed to be sustainable and 
environmentally friendly.      
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Table 1: Landscape-related measures18 
Objectives 

 
         
 
 Measures 

Increasing resilience to extreme 
weather events (climate 
adaptation) 

Climate-neutral 
cultivated landscapes 

Food security, drinking water 
security and biomass security for 
energy and materials 

Good ecological 
conservation status of 
water bodies, habitats and 
species 
 

Economic profitability and 
income security 

Changes in use      

Establishment of extensive agroforestry systems on 
permanent grasslands with fruit trees, nut trees, oaks, 
chestnut trees, willows, etc. (e.g. orchards, hay meadows 
with individual oaks) 

(+ to ++) against droughts and 
heat due to shading and 
reduction of wind strength  
 

(+) Short to medium-
term carbon 
sequestration in 
perennial plants 
(+) Increase in soil 
carbon sinks through 
tree roots  
 

(+ to ++) Increase in food 
production from fruit trees and 
better water availability for 
permanent grasslands 
(+) Increase in biomass production 
(+) Timber production 
 

(+ to ++) Increased habitat 
diversity depending on 
location and tree species 
(-) Loss of grassland 
habitats that depend on 
minimal shade cover  
 

(-) short-term: investment 
costs for planting 
(+/- to +) Higher income 
due to diversification of use 
and climate adaptation, 
despite higher management 
costs 

Establishment of agroforestry systems on arable land 
with short rotation or rows of trees for timber or rows of 
fruit, chestnut or nut plantations  

(+ to ++) against droughts, frost, 
heat, heavy rain and erosion 
events due to shading, reduction 
of wind strength and greater 
water and sediment retention in 
permanently planted rows of 
trees and shrubs 

(+ to ++) Increase in 
the soil carbon sinks 
where trees are 
grown 
(+ to ++) Medium to 
long-term carbon 
sequestration in 
perennial plants 

(+ to ++) Risk reduction in terms of 
frequency and extent of yield losses 
due to climate adaptation, land use 
diversification and increased 
potential for natural pest control 
(- to +) Biomass production 
(+) Timber production 
(- to +/-) Reduction in food 
production due to loss of arable 
land where rows of trees are grown, 
if no compensation due to fruit and 
nut production and climate 
adaptation 

(+ to ++) Increased habitat 
diversity and connected 
biotopes depending on the 
type of agroforestry system  
(+) Lower soil and pollutant 
loads into neighbouring 
water bodies and habitats 
due to water retention and 
reduction in wind speed 

(-) short-term: investment 
costs for planting and 
conversion 
 (- to +) long-term: 
Better yields due to climate 
adaptation, diversification 
of use and higher 
biodiversity, but loss of 
arable land and higher 
management costs 
 

Conversion of arable land into forest with mixed stands (++) against droughts, frost, heavy 
rainfall and erosion events due to 
shade, reduction of wind speed, 
higher water and sediment 
retention and an overall more 
balanced microclimate in the 
forest 

(++) carbon 
sequestration in trees 
in the medium to long 
term, with 
construction use 
(++) Increase in soil 
carbon sink 
(+) Elimination of 
nitrous oxide 
emissions from 
fertilizers 

 (++) Hardwood production 
(++) Improvement of water quality 
(depending on the intensity of 
previous arable farming) 
(--) Reduction in food production 
due to loss of arable land 
(-- to -/+) Reduction in biomass 
production, as higher biomass yields 
per year are possible with arable 
crops or SRC than with forests 

(+ to ++) Greater habitat 
diversity within areas 
characterised by agriculture 
(++) Lower soil and 
pollutant loads into 
neighbouring water bodies 
and habitats 

(-) short and medium term: 
investment costs for 
planting and extensive loss 
of income until the trees 
are ready for felling 
(- to +/-) long-term: lower 
profits depending on timber 
prices and other costs  
(-) higher potential damage 
from storms, fires, disease 
and infestations in forests 
compared to arable crops 
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Objectives 
 
         
 
 Measures 

Increasing resilience to extreme 
weather events (climate 
adaptation) 

Climate-neutral 
cultivated landscapes 

Food security, drinking water 
security and biomass security for 
energy and materials 

Good ecological 
conservation status of 
water bodies, habitats and 
species 
 

Economic profitability and 
income security 

Conversion of arable land into permanent grassland 
 

(++) against storms, heavy rainfall 
and droughts due to year-round 
vegetation with deep-rooted 
plants or drought-resistant 
grasses 

(+ to ++) Increase in 
the soil carbon sink 

(+ to ++) Improvement in water 
quality (depending on the intensity 
of previous arable farming and 
future grassland management) 
(-) Reduction in food production, as 
only animal feed production/grazing 
is possible 

(+ to ++) Greater habitat 
diversity depending on the 
intensity and type of 
permanent grassland 
management 
(++) Lower soil and 
pollutant loads into 
neighbouring water bodies 
and habitats 

(- to --) lower profitability 
 

Conversion of permanent grassland to forest with mixed 
stands 

(+/- to +) against droughts, frost 
and heavy rainfall due to shade, 
reduction in wind speed and an 
overall more balanced 
microclimate 
(-) Higher vulnerability with 
unfavourable groundwater 
availability for forests 

(++) Medium to long-
term carbon 
sequestration in trees  
(+/- to +) Increase in 
soil carbon sink 

(+/- to +) Increase in biomass 
production 
(++) hardwood production 
(+/- to +) Improvement in water 
quality (depending on the intensity 
of previous grassland management) 
(-) Reduction in food production 

(++) Promotion of forest 
habitats and species 
(--) Decline in open 
grassland species due to 
habitat loss 
(+/-) Water bodies 

(-) short and medium term: 
investment costs for 
planting and extensive loss 
of income until the trees 
are ready for felling 
(+/- to +) Long-term: 
expected higher profits 
depending on timber prices 
and costs 
(- to --) higher potential 
damage to forests in the 
event of storms, fires, 
disease and infestations 

Conversion of monoculture forests into agroforestry 
systems with permanent grassland 

(- to +) higher vulnerability to 
drought and heat, unless not high 
vulnerability in forest use due to 
unfavourable groundwater 
availability 

(-) lower soil carbon 
sink  
(--) if the removed 
trees are used as fuel 
instead of building 
material 

(+) Increase in food production 
through livestock, fruit, nut and 
chestnut cultivation 
(+/- to -) possible deterioration in 
water quality (depending on 
intensity) 
(- to +) Biomass production 
(- to --) Reduction in hardwood 
production        

(++) Promotion of open 
land species 
(--) Decline in forest species 

(++) short-term: high 
income from timber sales 
(+) long-term: 
diversification enables 
higher and, above all, 
shorter-term yields and 
reduces economic risks 
(++) Lower potential 
damage levels in the event 
of storms, fires, disease and 
infestations 



7 

Objectives 
 
         
 
 Measures 

Increasing resilience to extreme 
weather events (climate 
adaptation) 

Climate-neutral 
cultivated landscapes 

Food security, drinking water 
security and biomass security for 
energy and materials 

Good ecological 
conservation status of 
water bodies, habitats and 
species 
 

Economic profitability and 
income security 

Conversion of monoculture forests into agroforestry 
systems on arable land 

(- to --) higher vulnerability to 
droughts, heat, heavy rainfall 
events and floods, unless not high 
vulnerability to forest use due to 
unfavourable groundwater 
availability 

(--) strong reduction in 
soil carbon sink 
(--) if the removed 
trees are used as fuel 
instead of building 
material 

(+ to ++) Increase in food 
production 
(- to --) Deterioration of water 
quality in arable forestry systems 
(+/- to +) Increase in biomass 
production 
(- to --) Reduction in hardwood 
production     

(+) Promotion of open land 
species depending on 
species 
(--) Decline in forest species 

(++) short-term: high 
income from timber sales 
(++) long-term: 
diversification enables 
higher and, above all, 
shorter-term yields and 
reduces economic risks 
(+) Lower potential damage 
in the event of storms, fires, 
disease and infestations 

Introduction of landscape elements      

Planting hedges or rows of trees along field edges or in 
fields 

Similar effects to agroforestry systems on arable land or grassland, but the greater the distance between the hedges, the smaller the effect. 

Morphological diversification measures (creation of 
terraces, embankments, ditches, retention basins, ponds, 
etc.) 

(++) against heavy rainfall, floods, 
erosion events and droughts due 
to slowing of surface water runoff 
and higher water and sediment 
retention 
  

(+) Humus enrichment 
in sediment traps 
(-) Methane gas 
formation in ponds 
and retention basins 

(+) Long-term security of food 
production due to reduced soil 
erosion  
(+) Risk reduction in terms of 
frequency and extent of yield losses 
due to better climate adaptation 
(+ to ++) Improvement in water 
quality  
(- to --) Reduction in food 
production due to loss or reduction 
in use of arable land and grassland 

(+ to ++) Greater habitat 
diversity and connected 
biotopes 
(+) Lower soil and pollutant 
loads into neighbouring 
water bodies and habitats  

(- to --) short-term: high 
investment costs for 
diversification measures 
(- to +/-) long-term: certain 
losses of arable land and 
grassland, but overall 
safeguarding of yield 
through risk minimisation 

Water-related measures      

Raising the groundwater level by changing the drainage 
regime, removal by drainage systems, raising the bed or 
damming up watercourses (including rewetting moors 
and floodplains) 

(+ to ++) against floods and 
droughts due to reduced drainage 
and slower runoff of groundwater 
and surface water 
(-) Risk of soil compaction and soil 
erosion if arable farming 
continues 

(++) Preservation of 
carbon sequestration 
in peatlands and 
alluvial soils  
(+) Long-term carbon 
enrichment, especially 
when restoring 
peatlands with peat 
mosses 

(+) Risk minimisation with regard to 
the frequency and extent of yield 
losses due to climate adaptation 
(- to --) Reduction in food 
production due to abandonment or 
restriction of use of arable land or 
grassland  

(+ to ++) Improvement of 
habitat characteristics, 
especially in peatlands and 
floodplains 

(- to --) Yield declines or 
abandonment of arable 
land and grassland 
(+) Risk minimisation 
against droughts and floods 
(+) Cultivation alternatives 
(carbon farming, 
paludiculture, forest, 
permanent grassland) 
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Objectives 
 
         
 
 Measures 

Increasing resilience to extreme 
weather events (climate 
adaptation) 

Climate-neutral 
cultivated landscapes 

Food security, drinking water 
security and biomass security for 
energy and materials 

Good ecological 
conservation status of 
water bodies, habitats and 
species 
 

Economic profitability and 
income security 

(+) Increase in biomass production 
with change of use to paludiculture 
or forest 
(+) Improvement in water 
availability 

Renaturalisation of watercourses (removal of 
straightening and other degrading alterations, creation of 
retention areas) 

(+) against floods and droughts 
due to slower groundwater and 
surface water runoff and 
retention areas 

(+) Long-term carbon 
storage due to humus 
accumulation in 
riparian areas and 
retention areas 

(+) Improving the water quality of 
watercourses 
(+) Increase in fish stocks 
(- to --) Reduction in food 
production due to loss or reduction 
in utilisation of arable land and 
grassland 

(++) Improvement of 
watercourse morphology 
and habitat characteristics 
 

(- to --) Yield decline or 
abandonment of arable 
land and grassland 
(+) Risk minimisation 
against flooding 

Establishment of permanently green buffers along 
watercourses  

(+) against erosion events (heavy 
rainfall, flooding) due to slowed 
surface water runoff  

(+) Long-term carbon 
sink in the soil of the 
buffers 
(+) Short to medium-
term carbon 
sequestration in 
perennial plants 

(+) Improved water quality of 
surface waters 
(+) Long-term security of food 
production due to reduced soil 
erosion 
(- to --) Reduced in food production 
due to loss or restricted use of 
arable land and grassland 

(++) Improvement of the 
chemical status of surface 
waters 
(+) Creation of habitats and 
connected biotopes 

(- to --) Yield decline or 
abandonment of arable 
land and grassland 
(+) Risk minimisation 
against erosion events and 
environmental liability 
claims 

Technical systems      

Agrivoltaics PV systems with permanent grassland or 
arable land use 

(+) against hail, heavy rain, 
storms, heat stress and droughts 
due to shielding, shade cover and 
reduction of wind speed 

(++) Substitution of 
fossil fuels 

(+) Risk reduction in terms of 
frequency and extent of yield losses 
due to better climate adaptation  
(- to +/-) Lower food production due 
to restrictions on use or loss of 
arable land and grassland, unless 
compensated for by climate 
adaptation and a more balanced 
microclimate    

(+/-) positive and negative 
changes in habitat 
characteristics largely 
balance each other out 
without fundamentally 
changing the habitat 

(-) short-term: high 
investment costs 
(++) long-term: profitable 
source of income 
(+) Risk minimisation due to 
more protection against 
extreme events and 
differentiation of use 
(-) Increase in the potential 
amount of damage 
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Table 2: Production-integrated measures for agricultural land19 

 
Objectives 

 

   

 

  Measures 

Increasing resilience to extreme 
weather events (climate 
adaptation) 

Climate-neutral cultivated 
landscapes 

Food security, drinking water 
security and biomass security 
for energy and materials 

Good ecological conservation status 
of water bodies, habitats and species 

 

Economic profitability 
and income security 

Diversification of crops      

Diversification of the perennial crop rotation 
including catch crops (e.g. legumes) or greened 
rotational fallow land 

(+/- to ++) against droughts and 
heavy rainfall events due to 
improved soil structure and 
reduced periods without soil 
cover 

(-) With catch crops, possible risk 
of water shortages for main crop 

(+/- to +) Short to 
medium-term C 
enrichment in the soil due 
to deep-rooted crops, 
fallow land and green 
manure 

(+) Reduction in the use of 
fertilisers 

(+/- to +) Higher yields per 
hectare in the long term (both 
biomass and, depending on crop 
rotation, food) due to climate 
adaptation, less disease and 
pests and better soil structure  

(+/- to +) Improvement in water 
quality (e.g. due to reduced 
nutrient leaching) 

(+) Improvement of soils in terms of 
properties and biodiversity 

(+) Improvement of arable habitat 
characteristics (e.g. for beneficial 
organisms) 

(+/- to +) with regard to pollutant 
loads into surface waters and habitats 

(+/- to +) higher yields 
due to risk 
minimisation, 
improved crop 
protection and better 
soil structure 

(+/- to +) Cost savings 
on pesticides and 
fertilisers 

(- to +/-) higher labour 
efforts and costs 

Diversification of the field crops grown (mixed crops, 
main crops and sub-cultures) 

(+) generally due to crop 
diversity and improved soil 
structure 

Intensity of fertiliser and pesticide use     

Reduced use of mineral and farm fertilisers geared 
towards maximum yields  

(+) against heavy rainfall due to 
lower risk of nutrient leaching 

(+) greater robustness of the 
crops in some cases 

(+ to ++) depending on the 
extent of fertiliser 
reduction 

(+ to ++) Improved quality of 
food and water  

(-- to -/+) Lower yields per 
hectare depending on the 
extent of fertiliser reduction and 
cultivation of legumes, but at 
the same time a reduction in 
disease and pests  

(+ to ++) Improvement in the 
characteristics of arable habitat and 
adjacent habitats (e.g. for beneficial 
organisms) and surface waters, 
depending on the extent of fertiliser 
reduction 

(+) Risk minimisation of 
crop failures due to 
less disease and pests  

(+) Cost savings for 
fertilisation and plant 
protection 

(-- to +/-) lower yields 
per hectare 

Reduced use of chemical plant protection products 
and expansion of non-chemical plant protection 
measures in accordance with the principles of 
integrated plant protection 

(+ to -) Non-chemical plant 
protection measures can 
increase resilience to extreme 
weather events (e.g. with crop 
diversification), but also reduce 
it (e.g. ploughing tillage) 

(+/- to -) depending on the 
type and scope of non-
chemical plant protection 
measures and the energy 
sources used  

(+) Improved quality of food and 
water 

(+/- to -) lower yields per 
hectare depending on the 
extent of pesticide reduction 
and non-chemical crop 
protection 

(+ to ++) Improvement in the 
characteristics of arable habitat and 
neighbouring habitats (e.g. for 
beneficial organisms) and surface 
waters, depending on the extent of 
pesticide reduction 

(- to +/-) non-chemical 
crop protection more 
expensive than 
chemical crop 
protection to date 

(- to +/-) lower yields 
per hectare 
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Type of tillage      

Preservation tillage with permanent ground cover (++) against flooding and erosion 
events due to permanent ground 
cover and higher infiltration 
capacity of the soil 

(+) against droughts due to 
increased water storage and 
improved soil structure 

(+) Increase in soil carbon 
content due to higher 
biomass input 

(+) Long-term security of food 
production and biomass 
production due to reduced 
erosion 

(++) Improved water quality (in 
particular by reducing 
phosphorus and sediment loads 
into water bodies) 

(+/- to +) long-term: higher 
yields per hectare due to 
improved soil structure  

 (++) Increase in soil biodiversity due 
to greatly reduced disturbance 

(-) Negative impacts on biodiversity 
when using total herbicides for 
seedbed preparation 

(-) Possible increased use of 
pesticides in the event of non-
compliance with crop rotation rules 

(-) short to medium 
term: higher 
investment costs for 
machinery  

(+) long-term: higher 
and more stable yields 
due to climate 
adaptation 

Introduction of pyrolysis charcoal (+) against droughts due to 
improved water storage in the 
soil 

(+) for vegetable carbon 
from residues due to long-
term C storage in the soil 

(+/- ) for biochar from 
fresh wood, as more long-
term C sequestration is 
also possible here with 
construction use 

(+/- to +) higher yields per 
hectare for some crops (e.g. 
maize, wheat) 

(+/- to +) Improvement in water 
quality due to binding of 
pollutants to vegetable carbon 
(activated carbon effect) 

(+/-) Unknown effects on soil 
biodiversity 

(-) High costs of 
vegetable carbon and 
its incorporation 

(+) Higher and more 
stable yields possible 
due to lower 
susceptibility to 
drought 

Reduction and elimination of mechanical soil 
compaction (e.g. by means of soil-conserving 
machinery, ploughing of compacted soils including 
deep ploughing of plough soles) 

(+) against droughts, floods and 
erosion events due to increased 
water storage capacity, 
infiltration capacity and capillary 
effects through improved soil 
structure 

(+) due to lower methane 
and nitrous oxide 
formation in the soil 

(+/-) no significant 
influence on soil carbon 
with compaction-friendly 
tillage 

(-) Higher greenhouse gas 
emissions from ploughing 
with fossil fuels 

(+) Increase in water availability 
for agriculture and water supply 

(+) Long-term security of food 
production and biomass 
production due to reduced soil 
erosion 

(+) Increase in soil biodiversity due to 
improvement in soil structure 

 

(-) short to medium 
term: higher 
investment costs for 
machinery 

(+) long-term: higher 
and more stable yields 
due to lower 
susceptibility to 
drought and 
waterlogging 

Special technical measures for extreme events     

Irrigation and sprinkler systems (+ to ++) against droughts, heat 
and late frosts 

(-) due to energy 
requirements for pumps 
and for manufacturing the 
systems, particularly in the 
case of fossil fuels 

(+ to ++) Yield protection 

(+/- to --) Competition with 
drinking water depending on 
water availability 

(-- to +/-) Depending on water 
availability, water extraction can 
worsen quantitative and possibly also 
ecological and chemical conditions in 
water bodies where water is 
extracted and neighbouring habitats 
(e.g. floodplains) 

(+ to ++) Yield 
protection 

(- to --) Investment and 
operating costs for 
irrigation and sprinkler 
systems and water 
charges 
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Fleece crop covers (+ to ++) Protection against 
heavy rain, hail, drought and 
frost 

 

(-) due to energy 
requirements for the 
production of fleece and 
disposal, particularly in the 
case of fossil fuels 

(+) Yield protection during 
extreme events and 
minimisation of pests and 
weeds 

(+) Increase in food production 
by extending the cultivation 
periods 

(- to +/-) depending on the surface 
area and release of microplastics  

(-) Risk of fleece being swept away 
during storms and flooding 

(+ to ++) Yield 
protection in the event 
of extreme events and 
pests 

(+) Prolonged 
cultivation periods 

(-) Costs for fleece 

Heating as frost protection (+) against frost (--) due to energy 
requirements for heating 
and for the production of 
heating systems, 
particularly in the case of 
fossil fuels 

(+) Yield protection during frosts (- to +/-) depending on the extent of 
heating 

(+) Yield protection 

(-) Costs for heating 
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Table 3: Production-integrated measures for grasslands and forests20 
 Objectives 

 

                   

  Measures 

Increasing resilience to extreme 
weather events (climate 
adaptation) 

Climate-neutral cultivated 
landscapes 

Food security, drinking water 
security and biomass security for 
energy and material utilisation 

Good ecological 
conservation status of 
water bodies, habitats 
and species 

 

Economic profitability and 
income security 

Grassland areas      

Extensive without fertilisation and with a 
maximum of 0.5 livestock units or a maximum of 
3 mowings 

(+) with regard to drought due to 
lower grazing pressure or less 
frequent mowing 

(+/-) Depending on the location, 
carbon sequestration in the soil can 
at least offset greenhouse gas 
emissions from livestock farming 

(+) Improvement of water quality 

(-) Reduction in food production 
(++) Improvement of 
habitat characteristics as 
pastures or mown 
meadows 

(-- to +/-) Reduction in 
income is only partially 
offset by lower operating 
costs and higher revenues 

Forest areas      

Climate-adapted monocultures (+) against droughts and heat 
waves due to higher resilience to 
drought stress 

 

(+/-)  

 

(+/- to +) Increase in biomass 
production due to improved 
climate adaptation 

(+/-) no significant 
improvement in habitat 
characteristics  

(-) Negative effects of 
pesticide use for defence 
against pests and 
diseases 

(+) higher yields due to 
climate adaptation 

(+) Lower costs for 
cultivation, harvesting and 
marketing  

(-) Higher crop failures and 
market risks 

Mixed stands (same age) (+ to ++) against droughts, heat 
waves and forest fires due to 
higher resilience to drought 
stress and infestations 

 

(+) More secure long-term 
sequestration of carbon in the soil 
due to lower risk of large-scale 
dieback of entire forest areas 

 

(+ to ++) Increase in biomass 
production due to improved 
climate adaptation and reduced 
risk of failure 

(+ to ++) Improvement of 
habitat characteristics 

(+ to ++) higher yields due 
to climate adaptation and 
reduced crop failures and 
market risks 

(+/- to -) higher costs for 
harvesting and marketing 

Mixed stands (mixed ages with natural 
regeneration) 

(++) against droughts, heat 
waves, forest fires and storms 
due to higher resilience to 
drought stress, infestations and 
wind damage 

(++) More secure long-term 
sequestration of carbon in the soil 
due to significantly lower risk of 
large-scale dieback of entire forest 
areas 

 

(++) Increase in biomass production 
due to improved climate 
adaptation, reduced risk of failure 
and more continuous timber 
harvesting 

(+) Lower nutrient loads into water 
bodies due to more continuous 
timber harvesting 

(++) Improvement of 
habitat characteristics 

(++) higher yields due to 
climate adaptation and 
reduced crop failure and 
market risks 

(+) more continuous yields 

(-) higher costs for 
harvesting and marketing 
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3 Discussion of the effectiveness assessment 
Tables 1 to 3 illustrate that there are major differences between the measures with regard to 
the five objectives. Measures that contribute to the diversification of cultivated landscapes by 
expanding crop systems or changing landscape elements and structures increase the resilience 
of cultivated landscapes to extreme weather events.21 This has a fundamentally positive effect 
on food security, biomass security and drinking water security. At the same time, most 
measures promote climate protection and the achievement of good conservation statuses for 
water bodies, soils and biodiversity. According to the Commission for the Future of Agriculture 
and the German Agricultural Industry Association, unused parts of the landscape and 
structures should also have a minimum percentage of 10 % open land in the landscape to 
preserve biodiversity.22 

There are major differences between the various diversification measures in terms of 
effectiveness, large-scale feasibility and costs (investment, management and opportunity 
costs). The greatest costs in the form of opportunity costs arise when agricultural or forested 
land is taken out of productive use (e.g. hedges, buffers, the widening of watercourses). Food 
security is also often negatively affected in this instance. If the domestic demand for food and 
animal feed remains the same, this can indirectly worsen the environmental situation in other 
countries through the resulting increase in imports.23 

In contrast, diversification measures that expand agricultural crop rotations or cultivated 
crops or establish polycultures of annual and perennial crops, such as those in agroforestry 
systems, often have a positive long-term effect on the income security of agricultural and 
forestry operations.24 Indeed, profitability will decrease in the short term due to the 
conversion and investment costs incurred. However, once the conversion phase is over and 
diversified cultivation systems have been successfully established, the advantages outweigh 
the disadvantages, as diversification increases resilience to extreme weather events and 
market fluctuations, while reducing the risks from pests and diseases. Furthermore, new 
sources of income could for landowners and land users in the area of carbon farming25 and 
for certain agricultural and forestry products (e.g. construction and production raw materials, 
protein crops) that were previously in low demand as part of Germany's goal of achieving 
climate neutrality by 2045. 

In order to accelerate the economically and ecologically beneficial diversification of cultivation 
systems in the long term, society could - bear some of the costs for the establishment of 
agroforestry systems and mixed forests (as it did with organic farming) in addition to 
morphological measures through state investment subsidies. In addition, Germany could 
promote the diversification of agricultural crops through government consultations or make 
this a stronger requirement than in the past as part of direct payments. This state cost transfer 
can be justified by the fact that society will benefit from the reduction of external 
environmental effects and costs as well as an improvement in the conservation status of water 
bodies, habitats and species, which has a positive effect on the availability of ecosystem 
services and the achievement of international and European legal objectives.26 

The most far-reaching restrictions and effects on agricultural and forestry production and thus 
on food and energy security are caused by changes to the regional water balance, including 
raising the groundwater table. Furthermore, the rewetting of drained peatlands and alluvial 
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soils is imperative for achieving climate neutrality, as these areas release considerable 
amounts of greenhouse gases.27 Alternative forms of land use (including paludiculture for fens 
and the reforestation of floodplains) should therefore be promoted for these areas to be 
rewetted and the establishment of agrivoltaics PV systems should also be legally facilitated 
due to their contribution to climate protection and income opportunities.  

At the same time, large areas of moorland and floodplains with high nature conservation value 
should be purchased and the swapping of these areas as part of land consolidation procedures 
should be stepped up for the creation of large conservation and wilderness areas in Germany. 
To compensate for the associated loss of agricultural and forestry land, the number of very 
small Natura 2000 sites in local cultivated landscapes could be reduced, where favourable 
conservation statuses cannot be achieved realistically in the long term due to the impact of 
surrounding land uses or the genetic isolation of populations, while at the same time 
harbouring great potential for conflict.28  Provided that these very small areas are not 
permanently essential for the coherence of the Natura 2000 network (e.g. as stepping stones), 
more could probably be achieved for biodiversity in Germany by abandoning them in favour 
of large protected and wilderness areas. In this respect, the large-scale rewetting of moors 
and floodplains required for climate protection reasons could also be a key measure for nature 
conservation. 
The introduction of extensive land-use measures for arable land and grasslands could play a 
considerable role in improving the conservation status of water bodies, soils, habitats and 
species as well as increasing resilience to extreme weather events (e.g. due to better soil 
structure and cover, natural plant protection and better water quality). However, 
extensification in terms of fertilisers, pesticide use and livestock numbers is often 
accompanied by reduced agricultural yields, unless oversupply is merely reduced or yield 
reductions can be offset by ecological intensification through diversification and polycultures. 
Despite lower yields, economic profitability can remain the same or even increase if operating 
costs fall to the same or a greater extent. At present, however, this is rarely the case, as the 
actual costs of fertilisation, pesticide use or higher livestock numbers are not yet borne by 
agricultural and forestry operations due to the externalisation of secondary ecological costs.29 
From an economic perspective, extensification is advantageous as long as the environmental 
costs of intensive land use exceed the economic added value of food and energy security as 
well as guaranteed incomes.30 However, it is important to bear in mind that indirect changes 
in land use can reduce the economic benefits of extensification and its net environmental 
impact. This particularly applies to supra-regional environmental goods. 

Extensification and the loss of agricultural and forestry land can be accompanied by 
undesirable displacement effects (sometimes referred to as telecoupling effects). This is the 
case, for example, if the decline in production in an cultivated landscape or in Germany is 
offset on the market by the expansion and intensification of agricultural and forestry land use 
in other regions or countries, resulting in greater damage to the environment, climate or 
resilience elsewhere.31 Conversely, local extensification reduces the direct transfer of 
emissions to other regions and countries by reducing nutrient loads, pesticides and antibiotics 
for livestock into rivers and oceans as well as greenhouse gas emissions into the atmosphere. 
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However, the shifting dilemma between intensive and extensive farming can only be reduced 
to a limited extent through technical progress and the ecological intensification of land use. It 
should certainly not be a problem that is put off for the future, as Germany is already a 
significant net importer of agricultural and forestry products in terms of volume, despite high 
cultivation intensity, using more than 11 million hectares of land in other countries through 
the markets.32 The key to resolving this dilemma is to reduce domestic demand for agricultural 
products, in particular by reducing domestic livestock farming and the demand for animal-
based food products.33 In addition, a more rapid reduction is needed in the ongoing 
conversion of agricultural and forest land into settlements and transport areas in Germany.  

4 Prioritisation of measures 
In view of the increasing time pressure, particularly in terms of climate adaptation and climate 
protection, as well as the limited financial, human and material resources, the regarding a 
possible prioritisation of measures arises. Criteria for prioritisation usually include, in addition 
to effectiveness with regard to the desired goals (effectiveness), the business or economic 
cost-benefit ratio (efficiency), feasibility (in terms of time and space), the long-term nature of 
the effects and acceptance by those affected and society as a whole. What all criteria have in 
common is that they involve more or less predictions for the future and depend on many 
different circumstances and factors in individual cases. The uncertainty of the assessments is 
correspondingly high. 
We therefore limited ourselves to looking at effectiveness in terms of the selected 5 
objectives, which were assessed in more detail (albeit at a high level of abstraction) in Tables 
1 to 3. Table 4 shows the results of a numerical addition of the effectiveness assessment for 
the 5 objectives. 
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Table 4: Prioritisation of measures 

Objectives 
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Landscape-related measures       

Agroforestry systems on permanent grasslands 2 1 2 1 1 7 

Agroforestry systems on arable land 2 1 1 2 1 7 

Conversion of arable land into mixed forests 2 2 -1 2 -1 4 

Conversion of arable land into permanent grasslands 2 1 -1 1 -1 2 

Conversion of permanent grasslands into mixed forests 1 2 1 0 0 4 

Conversion of forests with monoculture into agroforestry systems on 
grasslands 1 -1 1 0 1 2 

Conversion of forests with monoculture into agroforestry systems on 
arable land -1 -2 2 -1 2 0 

Planting hedges or rows of trees 1 1 0 1 0 3 

Morphological diversification measures 2 0 0 1 -1 2 

Raising the groundwater level 1 2 -1 1 -1 2 

Renaturalisation of watercourses 1 1 0 2 -1 3 

Establishment of green buffers along water bodies 1 1 0 2 -1 3 

Agrivoltaics PV systems with permanent grassland or arable land use 1 2 0 0 2 5 

Production-integrated measures for arable land       

Diversification of perennial crop rotation (incl. catch crops) 1 1 1 1 1 5 

Diversification of field crops 1 1 1 1 1 5 

Reduced use of mineral and farm fertilisers 1 2 0 2 0 5 

Reduced use of chemical pesticides 1 0 0 2 -1 2 

Conservation tillage with soil cover 2 1 1 1 1 6 

Introduction of pyrolysis charcoal 1 1 1 1 0 4 

Reduction of soil compaction 1 0 1 1 1 4 

Irrigation and sprinkling 2 -1 1 -1 1 2 

Fleece covers 2 -1 1 -1 1 2 

Heating as frost protection 1 -2 1 0 1 1 

Production-integrated measures for permanent grasslands and forests       

Extensive grassland use without fertilisation and with <0.5 livestock units 
or <3 mowings 1 0 0 2 -1 2 

Climate-adapted monoculture forests 1 0 1 0 1 3 

Mixed forest stands (plantations of the same age) 2 1 1 1 1 6 

Mixed forest stands (mixed age stands with natural regeneration) 2 2 2 2 1 9 

Note: The weighting is based on the authors' assessments, based on the following five-point scale: -2 = clearly 

negative; -1 = moderately negative; 0 = largely neutral, 1 = moderately positive, 2 = clearly positive. All measures 

with a total score of 6 or more points are highlighted in dark green and 4-5 points in light green. Measures with 

a high priority for climate neutrality by 2045 are highlighted in blue. 
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Even if the assessments contain highly generalised assumptions and individual measures may 
differ in practice depending on the design and initial situation, there are major differences 
between the measures that allow them to be prioritised. In terms of landscape design 
measures, the establishment of agroforestry systems on existing grassland or arable land 
achieved the highest rating. In addition to good performance in terms of resilience and 
conservation status, the main reasons for this are the advantages in terms of food and energy 
security and profitability.  

Converting forests into agroforestry systems is not a priority option due to the negative effects 
on climate protection and good conservation status, even if this option increases food 
production. Due to the high vulnerability of arable land to extreme weather events and the 
negative effects of arable farming on the climate and the environment, the conversion of 
arable land into mixed forest also achieves a high overall rating, although this should only be 
carried out on poor to moderate arable land due to the negative effects on food production.  

Due to their medium to high effectiveness in terms of the five objectives, agrivoltaics PV 
systems also achieve a high overall rating and are therefore a significant alternative to 
agroforestry systems for arable land and grasslands, despite their negative impact on the 
landscape, particularly with regard to achieving climate neutrality. 
The low overall score for water-related measures is due to the negative impacts in terms of 
profitability and the reduction in food production. However, in view of Germany's goal of 
achieving climate neutrality by 2045, the rewetting of moorland and floodplain soils should 
nevertheless be given high priority (see section 3). The renaturalisation of watercourses and 
the establishment of green buffers along watercourses are also of crucial importance for the 
implementation of the Water Framework Directive 2000/60/EC, even if their contribution to 
the other objectives is smaller and they reduce economic profitability.  
From the production-integrated measures for arable land and grassland, conservation tillage 
and the reduction of fertilisers have high overall scores. The overall score is similar for the 
diversification of perennial crop rotations and field crops, although there is a wide range 
between the different design options. Important production-integrated measures are also the 
reduction of soil compaction and the introduction of pyrolysis biochar.  

The technical measures that are already implemented today as protection against extreme 
weather events (irrigation, fleeces, heating) only achieve low overall scores due to the 
negative effects on climate protection and the good conservation statuses to be achieved for 
water bodies, habitats and species. Although the reduction of pesticides and the 
extensification of land use practices on permanent grasslands do not achieve high overall 
ratings, they are important measures for the conservation of biodiversity and are therefore 
significant for the implementation of the European Habitats Directive 92/43/EEC and the Birds 
Directive 200/147/EC.  

As far as forest management is concerned, the establishment of mixed-age stands should be 
considered to be much more important than afforestation with climate-adapted 
monocultures (e.g. Douglas fir), as this is by far the most effective of the five objectives and 
also offers the best economic cost-benefit ratio with natural regeneration. However, mostly 
natural forest regeneration is a long-term measure. Particularly in those areas that have been 
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deforested by drought, bark beetle infestations or clear-cutting, the establishment of mixed 
stands of the same age through planting is likely to achieve the objective more quickly. 

5 Conclusion 
The last few years of drought in Germany show that climate change is not bypassing Central 
Europe, but is changing the weather here faster than expected. As a result, weather extremes 
are becoming much more frequent, posing serious challenges for agriculture and forestry in 
particular. At the same time, local cultivated landscapes have long exhibited a whole host of 
environmental problems that urgently need to be solved in order to preserve natural 
resources and fulfil international and European obligations. The measures listed in Tables 1 to 
3 show that there are numerous ways of strengthening resilience to extreme weather events 
and ensuring domestic food, water and energy security, as well as reducing the negative 
environmental impacts from agriculture and forestry without unduly restricting profitability. 

Overall, prioritisation should be given to diversification in cultivated landscapes and on 
individual arable, grassland and forest areas in order to promote climate adaptation and to 
restore good conservation conditions as well as to ensure food, water and energy security and 
profitability in the medium and long term. The greatest synergies can be achieved from 
agroforestry on arable land and grasslands as well as from forests with mixed stands. 
However, additional measures are required to achieve national climate neutrality. In 
cultivated landscapes, these also include the rewetting of drained moorland and floodplain 
soils, the expansion of agrivoltaics PV systems in a way that is compatible with nature 
conservation, and the reduction of mineral fertilisers and livestock numbers. The latter would 
also have major positive effects on the conservation of biodiversity on land as well as in the 
North Sea and the Baltic Sea. A change in diet towards less animal-based food products would 
not only reduce greenhouse gases and the amount of manure produced, but also the amount 
of land used locally and globally for producing animal feed. 
In subsequent articles, we will discuss in more detail the instruments and conditions that the 
state can best promote to implement the measures considered here. 
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