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Abstract

Understanding how climate change will affect agro-ecosystems and the ecosystem services they
provide is a significant global challenge. Investigating this topic requires a holistic approach that can
capture the complexity of agro-ecosystems and assess impacts on the physical, biological, and socio-
economic aspects of the system. The Drivers-Pressures-State-Impact-Response (DPSIR) framework is
a problem structuring method commonly used in environmental policy and management to collate
and synthesise multidisciplinary evidence. By reviewing relevant literature and policy documents, we
created a DPSIR framework characterising the impacts of climate change on some key ecosystem
services directly generated by farmland biodiversity, using UK agriculture as a case study. We
focussed on three groups of service providers: pollinators, pest regulators and arbuscular
mycorrhizal fungi. We used the standard DPSIR framework to establish broad-scale relationships,
before developing two extensions to the initial DPSIR, which together formed a novel three-step
approach. The second step allowed detailed exploration of the cause-effect relationships between
different features of the agro-ecosystem, including cascading impacts on ecosystem services. This
process highlighted knowledge gaps relating to the impacts of climate change on species
interactions and cultural services. The third step provided a visual summary of the expected
directional trends for the different features of UK agro-ecosystems, based upon current evidence.
This demonstrated negative impacts on biodiversity, soil quality, crop yields and a wide variety of
ecosystem services and goods, which can only be addressed effectively with targeted policies. The
novel three-step DPSIR approach developed here would be useful for modelling other complex
systems where management is impeded by knowledge gaps and the availability of accessible

syntheses of current evidence.
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1 Introduction

Anthropogenic climate change is now widely recognised as an independent driver of
environmental change, as past greenhouse gas emissions have committed the planet to a certain

level of climate change, regardless of future human activities and emissions (IPBES, 2019; IPCC,



2013; UNEP, 2019). While land-use change and other drivers may appear more urgent threats to
ecosystems in the short-term, climate change is expected to become a far more critical issue in the
coming decades (IPBES, 2019). Climate change can negatively impact terrestrial ecosystems via
increased surface temperatures, changed precipitation patterns, and increases in the severity and
frequency of extreme weather events (IPCC, 2013). These changes will affect humans and society by
directly reducing crop yields (Cai et al., 2015; Liu et al., 2016; Parry et al., 2004), which will impact
global food security for a growing human population (IPCC, 2014). Climate change can also impact
biodiversity, therefore affecting agricultural production indirectly by influencing organisms that
interact with crops (IPBES, 2019). For example, climate change has already affected many species of
insect that pollinate crops (IPBES, 2016; Parmesan and Yohe, 2003), and changing temperatures are
predicted to increase the abundance of crop pests and pathogens (Bebber et al., 2014; Harrington et
al., 2007). It is important to recognise the potential for climatic changes to affect all the non-crop
biodiversity within agro-ecosystems because many organisms perform beneficial functions and

services that can protect and enhance yields (MEA, 2005; UK NEA, 2011).

Agro-ecosystems are Social-Ecological Systems (SESs) where people manage the natural
environment for the production of food and fibre (Gari et al., 2015; Lescourret et al., 2015). These
ecosystems contain both domesticated and wild organisms, and so they also encompass the
interactions within and between ecological and management processes. Agro-ecosystems provide a
wide range of ecosystem services and goods that benefit humans, including crop production,
pollination, and carbon sequestration (Lescourret et al., 2015; UK NEA, 2011). The relationships
between these services and goods are complex and can involve synergies (positive interactions) or
trade-offs (negative interactions), which makes management of agro-ecosystems extremely
challenging (Lescourret et al., 2015; Power, 2010). Often these trade-offs occur between crop
production and services provided by biodiversity (e.g., increasing insecticide use to increase yields
could decrease natural pest regulation). Climate change therefore poses a potential double-threat to
agro-ecosystem biodiversity, not only through the direct impact of changing environmental
conditions, but also indirectly via management practices that aim to off-set crop yield decreases
(IPBES, 2019). It is therefore imperative that we understand how climate change could affect both
the social and ecological aspects of agro-ecosystems, and the cascading interactions between them,
so that effective management can be designed and established. However, many of these social-
ecological relationships are unclear, many of the climate change impacts on biodiversity are unclear,
and few accessible syntheses of current knowledge are available, all of which could act as barriers to

effective policy formation (IPBES, 2019; Lescourret et al., 2015; UK NEA, 2011; UNEP, 2019).



The Drivers-Pressures-State-Impact-Response (DPSIR) framework is a holistic tool that was
developed to investigate environmental change and aid management in SESs (Gabrielsen and Bosch,
2003; Gari et al., 2015; Mosaffaie et al., 2021). The DPSIR framework is a problem structuring
approach that allows the cause-effect relationships between anthropogenic activities and their
environmental and socio-economic impacts to be explored and described in a sequential manner,
while also accounting for feedback loops (Gari et al., 2015; Tscherning et al., 2012). DPSIR is well-
suited for consideration of ecosystem services (Kelble et al., 2013; Omann et al., 2009; Rounsevell et
al., 2010), agro-ecosystems (Bar et al., 2015; Holman et al., 2008; Rounsevell et al., 2010), and
climate change (Bér et al., 2015; Holman et al., 2008; Omann et al., 2009; Rounsevell et al., 2010),
because it can capture effects beyond the natural sciences. In the present case we can use the DPSIR
framework as a tool to investigate the cascading impacts of climate change through agro-
ecosystems. After first defining anthropogenic climatic changes as the problem(s) of interest (Drivers
and Pressures), we can then investigate and characterise the established consequences of this
problem on the different ecological features of the system (State), before exploring the known after-
effects for the socio-economic features of the system (Impact) and the feedback mechanisms that
aim to tackle these effects (Response). When used this way, the DPSIR categories provide us a with a
structure that can help us to discover, define, and understand the sequences of cause-effect
relationships between the different ecological and societal aspects of agro-ecosystems that are
experiencing anthropogenic climate change (Gari et al., 2015). This application could also highlight
missing links between the different elements within these causal chains, which represent gaps in the
wider knowledge, while also presenting an accessible synthesis of that current knowledge that may

be useful for decision-makers (Tscherning et al., 2012).

Here we present a novel application of the DPSIR framework investigating the impacts of
climate change on the ecosystem services provided by biodiversity in arable agro-ecosystems,
created using an evidence-based literature review methodology. Our case study focussed on arable
farming in the UK, where there is a large body of relevant research from which we can draw, and
where significant uncertainties relating to agro-ecosystem functioning and climate change have
been demonstrated (UK NEA, 2011). Furthermore, the findings from this case may also be relevant
more broadly across Northern Europe, given the common EU environmental policies (Common
Agricultural Policy, Water Framework Directive, Habitats Directive etc.), and similar climate,
biodiversity, and farming systems. Our objectives are fourfold: (1) to explore the suitability of the
DPSIR framework as a tool to characterise the causal relationships between climate change, agro-
ecosystem biodiversity, and the delivery of associated ecosystem services; (2) to use the DPSIR to

determine key knowledge gaps (missing links in the causal chains) that require further investigation;



(3) to use the literature collated in the DPSIR to generate a visual summary of the likely impacts of
predicted climatic changes on the different features of UK agro-ecosystems; and (4) to form the

basis of an approach that can be developed for other countries and SESs.

2 Methods

2.1 Ecosystem services

Our DPSIR framework incorporates evidence from multiple fields and perspectives,
therefore it is important that all ecosystem service classifications employed within the evidence-
base can be integrated into the structure of the framework, without omissions or double-counting.
The classification system developed for the Millennium Ecosystem Assessment (MEA) (MEA, 2005) is
one of the earliest, but it is still commonly used in natural science literature, particularly in the
context of areas relevant to our study, including soil research (Adhikari and Hartemink, 2016) and
biodiversity conservation (Manhaes et al., 2018). To this end, we adopted a hybrid system included
in the UK NEA (Figure S1 in supplementary material), which recognises both the functional
categories of the MEA (IPBES, 2016; La Notte et al., 2017; UK NEA, 2011) and the goods-focussed
categories popular in socio-economic research (Elliott et al., 2017; La Notte et al., 2017). Supporting
services underpin all others by providing physical structure, ecological niches, and
captured/converted energy; regulating services moderate/maintain other environmental features
that benefit society; provisioning services directly result in goods/benefits; and cultural services are
the non-material benefits that people receive from experiencing nature, including recreation,
inspiration, and health and well-being (MEA, 2005). We also consider ecosystem services to be links
between an ecosystem and potential goods/benefits that require some form of ‘complementary

capital’ to be realised (Elliott et al., 2017; La Notte et al., 2017).

We focussed on the ecosystem services provided by three of the most important groups of
organisms in arable agro-ecosystems: (i) Pollinators — 35% of global crop production volume, and 87
of the most important global food crops, are dependent on animal pollinators (IPBES, 2016; Klein et
al., 2007); (ii) Pest regulators — these organisms play a pivotal role in supressing pest populations,
which results in improved crop yields and could reduce the need for insecticide use (Cardinale et al.,
2003; Ostman et al., 2003; Whelan et al., 2008); and (iii) Arbuscular mycorrhizal fungi (AMF) —
symbiotic fungi that colonise the roots of around 80% of all plant species, contributing to soil
stability, nutrient uptake, stress tolerance, pathogen resistance, and crop nutrition (Gianinazzi et al.,

2010; Gosling et al., 2006; Smith and Read, 2008). We investigated the impacts of climate change on



the regulating services directly delivered by these organisms, and also considered the downstream

impact on crop production and cultural services.

2.2 DPSIR framework
We began by clearly defining the DPSIR categories for our application (following the

recommendations in Gari et al. (2015)):

e Drivers are anthropogenic causes of system change, and so include climate change caused
by anthropogenic greenhouse-gas emissions. Climate change is now widely accepted as an
independent driver of environmental change, as past emissions ensure we are committed to
further climatic changes regardless of future human activity (IPBES, 2019, 2016; IPCC, 2013;
UNEP, 2019). Placing climate change in the first category also ensures it is considered as the
starting point in our causal chains, which keeps the investigation focussed on our objectives:

understanding the consequences of climate change, rather than the causes.

e Pressures are the mechanisms of change imposed upon the system by the Drivers. Defining
climate change as a Driver allows the specific changes in temperature, precipitation, and
extreme weather to be explored separately, which more accurately reflects the relevant
scientific studies that typically only investigate one of these Pressures (Hegland et al., 2009;

Liu et al., 2016).

e State changes include the biotic and abiotic changes in the natural environment that result
from at least one of the Pressures and, as such, include relevant ecosystem services that

constitute aspects of the physical, chemical, and biological environment.

e Impacts are changes in human welfare that follow-on from the State changes, which
includes all the relevant ecosystem services and goods/benefits that constitute human and

social aspects of the system.

e Responses represent relevant policy and management strategies that feedback within the
system to influence the Drivers, Pressures, State changes and Impacts. These include both

adaptation and mitigation measures and operate at a variety of spatial scales.

To examine large-scale problems with a DPSIR framework requires reliable information on
many different environmental and social variables. Management applications often source
guantitative data from existing monitoring systems, before filling the inevitable data gaps with

qualitative data from expert/stakeholder consultation (Holman et al., 2008; Mosaffaie et al., 2021).



We overcame potential data-sourcing difficulties by populating our DPSIR with evidence gathered
from non-systematic literature reviews, a common approach in research applications (Omann et al.,
2009). Academic literature searches were conducted in 2019 using Web of Science
(http://wok.mimas.ac.uk/) and Google Scholar (https://scholar.google.co.uk/) with search terms
based on Drivers or Pressures (e.g. “climate change/warming”) in combination with environmental
or socio-economic features of the system (e.g. “pollinator” or “food security”). See Table S1 for a
summary of search terms. Non-academic literature (policy documents and
governmental/intergovernmental research reports) was researched using the UK Government
publication repository (https://www.gov.uk/government/publications) and the standard Google
search engine (https://www.google.co.uk/). Where the literature was expansive (such as
publications relating to crop yields), we included only those references most pertinent to our study

system.

Once collected, this evidence-base was used to construct our DPSIR. Components were
added to the framework where the literature identified them as being relevant to our research
guestion. Components were arranged in the different categories in causal sequences according to
literature that identified and defined these causal relationships. As such, any ecosystem services or
abiotic and biotic features depicted in the completed DPSIR are included because there is evidence
indicating a connection to one (or more) of our focal organism groups and climate change.
Components in the Response category reflect the relevant legislation and policies in place at the
time of conducting this research in 2019. Our literature-based approach to construction prevents us
from proposing new policies or practices within Responses, they are instead considered in the

discussion (section 4.3).

2.3 Three-step process

We were able to meet our first research objective by constructing a standard DPSIR
framework that investigated environmental and societal repercussions of climate change in UK agro-
ecosystems at a broad scale. However, addressing the second and third objectives required

additional methods. Consequently, our results are presented in three stages:

1. Astandard DPSIR framework that establishes the causal relationships between climate

change, UK agro-ecosystem biodiversity, and ecosystem services and goods (objective 1);

2. A detailed and focussed iteration of the initial DPSIR that elaborates on the key relationships

relating to the three focal organism groups (pollinators, pest regulators, and AMF), to more



clearly and completely show the cause-effect pathways and any knowledge gaps (objective

2);

3. Avisual summary of the expected directional trends (including uncertainty) for each of the
Pressures, State Changes and Impacts of the initial DPSIR, based upon current evidence

(objective 3).

Steps 2 and 3 of this method involve making judgments with respect to the strength of the
literature supporting the causal links and directional trends. Based on Hooper et al. (2017), each link
is evaluated in terms of the volume and relevance of supporting evidence, and the degree of

agreement between studies (Table 1).

Evidence Step 2 Step 3

Evidence description Symbol | Symbol
St th
reng (Figs 2-4) | (Fig5)
Strong Many relevant papers documenting a direct link
evidence AND \‘ »

Consistent evidence on the nature/strength of the link

Unclear/ 1 or 2 relevant papers documenting a direct link

limited OR N

evidence Contradictory evidence on the nature/strength of the link AN »
OR A
Many papers documenting a direct link in a different system

Very No relevant papers documenting a direct link

limited/ BUT .

theoretical | 1 or 2 papers documenting a direct link in a different system »

evidence | OR a4

1 or 2 papers documenting a theoretical link

Table 1 Evidence strength categories and their corresponding symbols used to carry out steps 2 and

3 of the DPSIR analysis.

3 Results

The literature searches highlighted over 80 key papers, reports, and policy documents for
inclusion within the DPSIR framework. References are denoted in figures using a number (see Table

S2 for full list) and are pared down to include only the most recent relevant summary literature.



3.1 Step 1: DPSIR for UK agro-ecosystems

Our broad-scale DPSIR characterising the causal links between climate change and
ecosystem services in UK agro-ecosystems can be seen in Figure 1. While most of the State changes
found in the literature are regulating services, and most of the Impacts are cultural, there is
crossover and both contain some provisioning, regulating, and cultural services. Most of the
Responses currently in place in the UK take a reactive rather than proactive approach with respect to
climate change, in that they feedback to directly address negative State changes rather than the

Pressures or Driver (Figure 1).
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Figure 1 DPSIR framework created for UK arable agro-ecosystems. Superscript numbers represent
references, see Table S2.

10



3.2 Step 2: Pathways and knowledge gaps

We highlighted the services provided by our focal organism groups of pollinators (Figure 2),
pest regulators (Figure 3) and AMF (Figure 4), as well as key knowledge gaps within the literature,
these are described below under separate subheadings for each group. Each focal group is
presented in a separate figure to retain clarity, but we also present the combined results within a
single framework (Figure S2). Focussing on these three groups simplified the frameworks, each
requiring only temperature as a Pressure because the vast majority of the relevant studies only
investigated changes in temperature, with only a handful examining more than one variable
simultaneously. We also specify the change in temperature as an increase to reflect the literature.
Finally, we combined multiple services into one box where the references for those services were
the same due to their direct ecological connection (e.g. crop pollination and crop yield). The paucity
of studies investigating factors other than temperature, clearly indicates that there are knowledge
gaps for each focal group relating to the impacts of precipitation, extreme weather events, and

temperature simultaneously.

3.2.1 Pollinators

Pressures State Changes Impacts
30,46,80
i— —————————————— V\— —P| Negative impacts on
l Decreased N\ human health and
Dacreased 15,16, | pollination and \\ cognitive and social
pollinator 42 reproduction of function
abundance Hon=top piants 30,59,/7. Y
and diversity ‘ \15,67 75 Decreased availability
: / and/or efficacy of:
- 23,38,39 14,41,43 Decreased wild | / - recreation, tourism,
LZE:ZaeSthISre plant diversity L3 o education, aesthetic
\ 27,40,86 5 and abundance 46,81 and SP'NtuaI
\ 86,90 experiences
; Decreased
Decreased s
. : : pollination and 17,29, 1 Reduced food
interaction S 41,88 ) 44,58 ducti dfsod
diversity and Frcrs Birees »| vyield of production and foo
fiifaEna] entomophilous security, increased
redundancy crops fhe bl

—— Strong evidence

— — < Unclear/limited evidence
Provisioning services  Cultural services ....... » Very limited/theoretical evidence

Supporting services Regulating services

Figure 2 A detailed examination of how temperature increase affects the ecosystem services
provided by pollinating insects. Evidence strength is described in Table 1. Numbers represent

references detailed in Table S2.
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Despite the fact that pollinating insects are a well-studied group, the literature search
identified several knowledge gaps surrounding species interactions and cultural services. There is
insufficient evidence describing the effects that climate change will have on species interactions at
the community-level, particularly how changes in community composition and phenology may affect
interaction diversity and functional redundancy (how robust a community is to loss of species
depends on other species in the community being able to fulfil the same functional roles, e.g. if all
plant species in a given community interact with many different pollinator species, then it has high
interaction diversity and functional redundancy) (Figure 2). There is also great uncertainty regarding
how any such community-scale changes may affect pollination services, and while several papers
suggest a link, only one assesses the impact of reduced functional diversity (Figure 2). Another gap
identified relates to non-bee insects such as hoverflies, wasps, and moths, which are increasingly
recognised as important pollinators, but the impacts of climate change are absent in the literature

(Senapathi et al., 2017).

Cultural ecosystem services are difficult to quantify due to their complicated and context-
specific nature (MEA, 2005), leading to zero coverage of how these services alter under climate
change. However, given that climate change negatively affects biodiversity and habitats (Brown et
al., 2016; Parmesan, 2006), we can use the growing body of evidence that links high diversity and
abundance of various species and habitats to cultural service delivery, thus inferring a reduction in
cultural services due to a loss of species and habitats (Figures 2, 3 and 4). While there is currently no
direct evidence linking pollinator abundance and diversity to cultural services, there is indirect
evidence from studies demonstrating a link to wild plant diversity, which we know is dependent on
pollinators. Given the charismatic nature of many pollinator species and their importance to human
education, recreation, and inspiration (IPBES, 2016), it seems likely that detrimental impacts on

pollinator populations will have negative consequences for many cultural services and benefits.
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3.2.2 Pest regulators

Pressures State Changes Impacts
30,46,61,77
i_ ______________ K\_ ~ ™ Negative impacts on
I N\ human health and
o 49,50, Decrea§ed pest \\ cognitive and social
pest regulator Sl SR cciltiaiiof function
biitance non-crop plants N A "u
and diversity s \\50 75' /I/ Decreased availability
/ and/or efficacy of:
inereaseiih ;2‘25’28’ igg;gg Decreased wild | / 5 recreat‘ion, tOUfiSI'TT,
( it plant diversity %0’45 education, aesthetic
tEmperatare \ ; and abundance | ,¢'g; | @nd spiritual
yaiAest 497 ' experiences
Decreased g Decreased
interaction 4901 | pest 51729 Reduced food
diversity and Feeinanensnne > regulation and L’ production and food
functional yield of crops security, increased
redundancy food prices

—— Strong evidence

— — 9 Unclear/limited evidence
Provisioning services  Cultural services ........ » Very limited/theoretical evidence

Supporting services Regulating services

Figure 3 A detailed examination of how temperature increase affects the ecosystem services
provided by pest regulating animals. Evidence strength is described in Table 1. Numbers represent
references detailed in Table S2.

Figures 2 and 3 are structurally very similar, which is probably due to the relatedness of the
most influential group of UK pollinators (bees) to that of pest regulators (wasps) and the species
overlap (many pest regulating insects are also pollinators due to the nectar diet of their adult
stages). There is a strong body of research covering various aspects of natural pest control by the
different animals that provide this service, which includes insectivorous birds, parasitoid and
predatory wasps, predatory beetles, and other insects. However, there are several areas with poor
evidence. There was little evidence detailing how the abundance and diversity of pest regulators
affects pest regulation of non-crop plants and the resulting impacts on wild plant populations (Figure
3). Few published papers investigate the impacts of climate change on community-level interaction
diversity and functional redundancy, and most of these only examine one type of pest regulating
animal (Figure 3). There is, again, considerable uncertainty regarding how any changes in these
species interactions at the community-scale might affect pest regulation services for both crop and
non-crop plants (Figure 3). Another key finding was a noticeable focus in the research on parasitoid

wasps, while the relationships of other animal groups are less well understood.
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As with pollinators, there was a clear knowledge gap relating to the delivery of cultural

services by pest regulating organisms. The indirect link to cultural services via wild plant diversity

and abundance is weaker here than for pollinators, given the previously mentioned lack of focus on

non-crop plants, but there is some evidence specifically linking the abundance and diversity of birds

to some cultural services (Figure 3).

3.2.3 Arbuscular mycorrhizal fungi (AMF)

Impacts

Negative impacts
on human health
and cognitive and
social function

Decreased
availability and/or
efficacy of:
recreation, tourism,
education, aesthetic
and spiritual
experiences

Pressures State Changes -
Reduced wild
plant health,
growthf édaptlve 55,71,
capabilities and N 7374
Al productivity \
19,55,71,/ \
74 / « < 30,59,
. 7
/ Decreased wild /5 s
Decreased // plant diversity [ — —p
abundance 53,54,55, | and abundance | 30,45,
and diversity s 46,81
of AMF
- Reduced crop plant
/52’53'73’ 19,21 growthf ?daptuve
Increasein  |,* 7478 capabilities and
temperature N yield quantity and \
T N 527884 ) quality 517,
¢ 71,845 bo
Decreased i
interaction o Reduced soil
diversity and o formation, nutrient
functional 84 cycling, soil quality
redundancy regulation and soil \
84"‘., stability 13,19,
54
969 Reduced carbon
! sequestration and
climate regulation 4,69,70

Supporting services

Provisioning services

Regulating services

Cultural services

Reduced food
production and
food security,
increased food
prices

Increased flooding
and erosion

— Strong evidence

Less equable
climate

— — % Unclear/limited evidence
-------- » Very limited/theoretical evidence

Figure 4 A detailed examination of how temperature increase affects the ecosystem services
provided by AMF (arbuscular mycorrhizal fungi). Evidence strength is described in Table 1. Numbers

represent references detailed in Table S2.

Due to the complexity of the interactions between arbuscular mycorrhizal fungi (AMF), host

plants, and the abiotic environment, it is more difficult to isolate specific relationships and impacts
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on ecosystem service delivery in relation to AMF, than for pollinators or pest regulators (Tylianakis et
al., 2008). AMF also contribute to a relatively large number of ecosystem services, with many more
knowledge gaps than for the other organism groups. There was little evidence describing the effects
of climate change on the delivery of services to non-crop plants and the consequent impacts on their
diversity and abundance (Figure 4). Evidence detailing the effects of climate change on community-
scale plant-AMF interaction diversity was also lacking (Figure 4), and there is considerable
uncertainty regarding how any such changes may go on to impact AMF service provision (Figure 4).
Finally, there is also a lack of consensus in the literature regarding how the abundance and diversity

of this organism group may be directly affected by climate warming (Figure 4).

3.3 Step 3: Directional trends under projected climate scenarios for the 21st century

We assessed the expected directional trends for each of the climate change Pressures, State
changes, and Impacts reported in the initial DPSIR framework (Figure 1), based upon the current
literature and climate projections (Figure 5) (IPCC, 2013; Lowe et al., 2018). Almost all elements in
the State change and Impacts categories will likely experience negative directional trends as a result
of climate change (Figure 5). Although it is worth noting some uncertainties (grey and white arrows)
stemming from knowledge gaps around soil features and related below-ground services, cultural

services and nature related benefits, and species interaction diversity (see section 3.2).
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Pressures

Current climate projections for the UK and Northern Europe over the next century:

‘.‘ Temperature @ Summer precipitation ﬁ Winter precipitation

f Frequency and intensity of extreme weather events

State Changes ‘

Biodiversity, including Synchrony between
pollinators and pest plant and animal
regulators phenologies

Soil erosion

Aquatic pollution . . .
g P Interaction diversity and

functional redundancy
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AMF

Soil fertility and

Insect pests
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b
U
\ 4
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U
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from soil
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Crop yields

@ e e

Carbon sequestration
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Soil quality regulation
Wild species diversity

Water quality and Environmental

&
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G Likely direction of change based on
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Figure 5 Directional trends for the Pressures, State Changes, and Impacts in the DPSIR (Figure 1)
based on IPCC and Met Office climate change projections, and current dominant understandings in
the literature (for references see Figure 1 and Table S2).
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4 Discussion

We have demonstrated the DPSIR framework as an effective tool for structuring evidence
about climate change and agro-ecosystem functioning from varied sources across many disciplines.
Our framework was able to capture the system-wide consequences of climate change and display
the pathways between the environmental and societal features of UK agro-ecosystems, at a broad
scale. We extended the framework to explore focal pathways in greater detail and highlight
important knowledge gaps, and also provide an overview of the directionality of specific changes for

each feature.

4.1 The DPSIR framework

Construction of the framework was initially hindered by inconsistencies of approach with
respect to how the DPSIR is applied to systems and ecosystem services. For example, some authors
consider both environmental and societal aspects of the system within Impacts (Bar et al., 2015;
Omann et al., 2009), while others only consider the societal aspects (Elliott et al., 2017). Such
discrepancies have been detailed by Gari et al. (2015), who also provide some ‘best practice’
recommendations that aim to promote consistency across DPSIR applications. Placement of
different agro-ecosystem features within the framework was also complicated by the different
ecosystem service classifications employed in the wider literature (La Notte et al., 2017). For
example, socio-economic literature often downplays supporting services (e.g. soil formation) by
combining them into a collection of functions termed ‘ecosystem processes’ (Spangenberg et al.,
2014; TEEB, 2010). Whilst we were able to account for these difficulties, they serve to highlight the
wider need for greater consistency between disciplines with regards to the definitions and

classification systems used.

4.2 Knowledge gaps

Drawing on evidence from the literature to create the DPSIR framework provided insight
into the knowledge gaps that exist within that literature. While identifying and emphasizing these
gaps is a positive step towards addressing them, it is also useful to contextualise them so that we
can understand why they exist. Such discussions can facilitate these gaps becoming future research

priorities, which can ultimately lead to more informed and effective policy (UNEP, 2019).

Many of the highlighted knowledge gaps relate to how climate change is expected to affect

species interactions at the level of the community, and how this in turn may affect the delivery of
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ecosystem services. Studying community-wide species interactions can be very challenging due to
the resource-intensive methods required, particularly if research is undertaken in-situ and especially
for organisms that are difficult to detect and identify, such as parasitoid wasps and soil fungi (Evans
et al., 2016). Combining DNA metabarcoding approaches with network analysis represents a
promising contemporary method of investigating these interactions and their impacts upon
ecosystem functioning (Derocles et al., 2018; Evans et al., 2016). However, even with modern
methods it can be difficult to identify causal links between climate change and changes in species
interactions, due to the complicated nature of the relationships between the different
environmental variables and species. Often the results of studies investigating the same topic using
different methodologies do not align (Hegland et al., 2009; Tylianakis et al., 2008). Measuring
ecosystem service provision has also proved difficult, as we cannot assume that every interaction
equates to service delivery (Ballantyne et al., 2015). Another key issue highlighted in the DPSIR is a
lack of research investigating how simultaneous changes in multiple climatic variables will affect
agro-ecosystem biodiversity and ecosystem services. This is most likely due to the practicalities
involved. Field experiments simulating increases in temperature can be logistically and financially
difficult at large scales, and while laboratory experiments can more easily simulate all the relevant
variables, they are unable to include the complete native organism communities, and so cannot

capture the full ecosystem consequences (Derocles et al., 2018).

Many of the knowledge gaps we identified relate to the links between biodiversity and
cultural services. At present, there is little or no evidence linking the diversity and abundance of
specific agro-ecosystem organisms, such as pollinating insects, to cultural services and benefits.
While there are some studies describing positive relationships linking plant diversity and biodiversity
more generally to a range of cultural services, there are no studies investigating how biodiversity
loss may impact them. The apparent lack of attention afforded to cultural service research could be
due to the interdisciplinary nature of the topic, given that it requires social and natural scientists
work together; a recognised challenge in the broader scientific domain that is showing some modest
signs of improving (Noorden, 2015). Interest in cultural service research is increasing, so it is
probable that the focus will broaden in the near future to encompass more organism groups and to

include experiments and hypothesis testing relating to environmental change.

4.3 Directional trends

Managing agro-ecosystems to support multiple ecosystem services in the face of

environmental change is a complex challenge. Effective policy creation requires accessible syntheses
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and visualisations of scientific evidence that incorporate uncertainty (Lescourret et al., 2015). To this
end, we provide a clear summary of how climate change could impact UK agro-ecosystem
biodiversity and ecosystem services, based on current evidence (Figure 5). It is likely that many of
the services associated with agro-ecosystems will be down-regulated, causing a decline in the
availability of the associated goods and benefits. The evidence for negative effects upon biodiversity
and habitats is particularly strong and concerning, as is the evidence for increased environmental
degradation such as soil erosion (Brown et al., 2016; Parmesan, 2006). Another troubling issue is
that of crop yields. There is now strong evidence indicating that yields will decrease significantly as a
result of temperature increases (Cai et al., 2015; Liu et al., 2016), but the predicted ecological and
environmental degradation, combined with increases in pest organisms and extreme weather
events, are extremely likely to further impact food production and security. Yet these predictions are

not certainties.

The Response category of the DPSIR framework (Figure 1) contains some key policy
documents outlining UK government plans that aim to increase the resilience of the UK’s agricultural
environments to climate change (DEFRA, 2018; UK Government, 2018), however, detailed plans are
not yet available as the new ‘Environmental Land Management Scheme’ (ELM) is currently under
development. The negative impacts that we found on biodiversity, soil quality, crop yields, and a
wide variety of ecosystem services and goods suggests that current policy strategies are not working.
Therefore, the new ELM should consider a broader range of ecosystem services and environmental
features, put greater focus on non-crop biodiversity, and take a more targeted approach to
management that includes specific provisions for building resilience to climate change. These
principles will ensure that the most vulnerable features of agro-ecosystems are protected.
Supporting and promoting agricultural sustainability practices such as agroforestry and conservation
agriculture would also improve climate resilience (IPBES, 2019; UNEP, 2019). In practice, this could
be achieved using a ‘payment for ecosystem services/natural capital’ approach that is dependent
upon maintaining and improving resilience (UNEP, 2019). While these policies would focus on
mitigating the impacts of climate change, many could also contribute to climate change prevention
via increased carbon storage. However, tackling CO, emissions requires attention beyond agro-
ecosystems, such as renewable energy and addressing societal behaviour (e.g. food waste and meat

consumption), and demands a global scale.
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4.4 Limitations

We constructed our DPSIR framework using a literature review approach and the combined
expertise of a limited multidisciplinary team (two ecologists and one environmental economist). It
could be argued that a broader disciplined team may have identified additional relevant
relationships that we were unable to detect. We attempted to counter this limitation by accessing
literature with a broad scope compiled by large multidisciplinary teams such as the MEA, UK NEA,
and UK Government climate change risk assessment reports (Brown et al., 2016; Knox et al., 2012;

MEA, 2005; UK NEA, 2011).

5 Conclusions

Food security and biodiversity loss are serious and potentially conflicting problems that
cannot easily be resolved, particularly with the threat of climate change becoming increasingly more
urgent. We developed a novel three-step approach that allowed exploration of the climate change
impacts on UK agro-ecosystems at both broad and fine scales. The DPSIR constructed in this study
has identified several topics that require further investigation, including the impacts that climate
change will have on community interactions across trophic levels and the resulting changes to
ecosystem service delivery. The knowledge gaps identified here represent opportunities that
researchers and funding organisations need to capitalise on — addressing these issues would provide
a stronger case for biodiversity conservation and sustainable management of agro-ecosystems. Our
analyses also provide directionality to future climate impacts on key aspects of our biodiversity and
ecosystem services. When faced with understanding a system with multiple interacting factors it is
easy to become paralysed by complexity. We provide a simplification of this important system under

climate change to help direct future evidence gathering and affect positive change.
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Supplementary Material

Ecosystem service framework

The ecosystem service framework employed in this study. It was able to: accommodate the different
classification systems employed by the evidence collected during the literature search; integrate well
with the structure of the DPSIR framework; and reduce the likelihood of errors relating to double-

counting, omitting, or misplacement of elements within the DPSIR framework.

Ecosystem Intermediate Final Services Goods/Benefits
components Services c i K Food
and processes . _rops, ivestock, 90
* Primary fish * Fibre
roduction . i .
Components: p . Trees, s’.candlng Engrsy
. Land * Water cycling vegetation, peat * Drinking water
. Ar * Weathering * Water supply * Medicine and
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¢ Water L * Detoxification = &Y
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Figure S1 The Ecosystem Service Framework: ecosystem processes, intermediate and final
ecosystem services, and goods/benefits used in the UK NEA (adapted from Figure 2.3, UK National
Ecosystem Assessment Technical Report).
It is important to note that the classification of a service can be dependent on the system or
research question; for example, wild species diversity could be intermediate when considering how
wild crop plant relatives could support future crop production, or final when considering the cultural
services and benefits that wild plants provide (UK NEA, 2011). This context-dependant classification
of services is particularly relevant here, given that it could affect the placement of elements within

the DPSIR framework.
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Literature search

The academic literature search initially started with a relatively small list of search terms that were

based on the most obvious Drivers and Pressures, in combination with the three organism groups.

This generated most of the literature that populated the State change part of the DPSIR. However,

the list of terms evolved and increased over time, as more aspects of the system were identified as

relevant to the research. The Impacts category was also populated using a second search strategy,

whereby some of the search terms relating to State changes where combined with search terms

relating to cultural services. This was to identify any literature demonstrating an indirect link

between the Drivers and Pressures and cultural services, via any impact it might have on biodiversity

and habitats.

Direct links to climate change

1st term

2nd term

Climate change / warming
C02

Temperature
Precipitation / rainfall
Drought

Heatwave

Storm

Ecosystem service(s)

Biodiversity / species diversity

Pollination / pollinator(s)

Pest regulation / pest regulator(s) / natural enemy(s) / IPM /
integrated pest management / conservation biological control
Arbuscular mycorrhizal fungi / AMF

Habitat

Species interaction(s)

Crop yield(s)

Food production / security

Cultural service(s)

Human health / wellbeing

Education
Recreation
Tourism
Indirect links to climate change
1st term 2nd term

Biodiversity / species diversity
Pollination / pollinator(s)

Pest regulation / pest regulator(s)
Arbuscular mycorrhizal fungi / AMF
Habitat

Species interaction(s)

Cultural service(s)

Human health / wellbeing
Education

Recreation

Tourism

Table S1 Summary of the search terms used for the literature search.
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Figure S2 A detailed examination of how climate warming impacts the ecosystem services provided
by pollinating insects, pest regulating animals, and AMF. Created by combining Figures 2, 3 and 4.
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