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1 | INTRODUCTION

Cooperation contributes to avoiding natural resource depletion. At the global scale, coopera-
tion amongst governments is crucial to negotiate emissions reductions and achieve the green-
house gases mitigation targets imposed by the Paris agreement (e.g. Bellelli et al., 2023). At
the local scale, cooperation amongst natural resource users is pivotal to manage ecosystems
sustainably and reach environmental goals as defined by transnational regulations and policy,
for example the new Common Agricultural Policy 2023-2027 (CAP), Farm-to-fork strategy,
and the EU's biodiversity strategy for 2030 (European Commission, 2023a).

Unfortunately, scientific uncertainty about changes required to meet minimum quantity
and/or quality standards that given natural resources should satisfy hampers the identification
of the users' collective effort that is needed to prevent irreversible environmental deteriora-
tion. This can hinder cooperation at the global and local scale (Milinski et al., 2008; Nguyen
etal., 2022, respectively). Similarly, scientific uncertainty regarding long-term economic losses
that natural resource users will experience, if the minimum quantity and/or quality require-
ments are not guaranteed, can prevent cooperation amongst users themselves (Barrett, 2013;
Dannenberg et al., 2015). Despite this, the precautionary principle teaches us that the presence
of different sources and degrees of uncertainty should not prevent any cost-effective adaptation
and mitigation action (see Principle 15 of Rio Declaration on Environment and Development,
United Nations, 1992).

Amongst different anthropomorphic interferences with an ecosystem, the impact of live-
stock activities on water bodies is capturing the attention of policymakers and the general pub-
lic (Nicholson et al., 2020; USDA, 2022). The primary cause of water quality deterioration is
the run-off of phosphorus and nitrogen from animal manure. An increase in the concentration
of these nutrients can modify the chemical and biological characteristics of the water, and ulti-
mately lead to eutrophication (e.g. Evans et al., 2019; Hooda et al., 2000). Several management
strategies have been developed to reduce the impact of livestock farming on water quality. The
most promising are riparian buffer zones where no farming activity is allowed and fencing that
physically prevents cattle approaching and entering water bodies (e.g. Lowrance et al., 2002;
Muirhead, 2019). These measures can be particularly suitable to mitigate the impact of live-
stock activities on the water quality of a lentic ecosystem, i.e. a closed aquatic ecosystem like a
lake and a pond, where the limited replacement of fresh water from ground and underground
sources makes them the most exposed to the run-off from animal manure (e.g. Bhateria &
Jain, 2016). However, the quantification of the negative impact produced by livestock farming
on water bodies is still uncertain (Graveline et al., 2012; Nicholson et al., 2020). This chal-
lenges the identification of the minimum effort required collectively to avoid an irreversible
environmental damage (threshold uncertainty, i.e. with catastrophic consequences) and hence
the forecasting of the long-term economic losses that farmers will incur if the damage is not
prevented (impact uncertainty).

This paper studies the impact of two sources of uncertainty, and their relative degree of
uncertainty on livestock farmers' cooperation to avoid the consequences of irreversible water
quality deterioration in a closed aquatic ecosystem that can be considered as a local public
good. The two sources of uncertainty under study are threshold and impact uncertainty. Each
source is characterised by four degrees of uncertainty: full, high, low, and no uncertainty.
In addition, the paper explores the influence of behavioural factors such as risk preferences,
probability weighting, and loss aversion on cooperation. Previous research has demonstrated
that behavioural factors can explain farmers' cooperation in public good games (Barrett &
Dannenberg, 2012; McCarter et al., 2008; Schuch et al., 2021).

To this end, a lab-in-the-field experiment was conducted with 140 grazing livestock farmers
in Northern Ireland (NT). The study focuses on NI, a country where the grazing livestock farm-
ing sector is the largest contributor (57%) to the total agricultural gross output (DAERA, 2021)
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and where this type of farm is the primary source of contamination of water bodies (NTEA and
DAERA, 2019). The experiment is based on a public good game with threshold uncertainty
that is framed as a farmer's decision to participate in an agri-environmental scheme (AES)
promoting the use of ungrazed buffer zones. AESs are public programmes where farmers are
paid to manage their land to mitigate the environmental impact of agricultural production
(e.g. Kramer & Wiitzold, 2018). Specifically, our design builds on an existing AES for livestock
farmers that promotes the creation of ungrazed riparian buffer zones to improve water quality
in NI. The scheme, called Environmental Farming Scheme Wider Option (EFS — WO), pro-
motes the creation of buffer zones of two different sizes (2m wide or 10m wide) via payments
to farmers that are proportional to the ungrazed area enrolled. This scheme is similar to other
schemes already implemented across EU and non-EU countries (e.g. Dalgaard et al., 2014;
McKergow et al., 2016). In terms of farmers' participation, 4% of all the EFS agreements in
NI were signed under EFS — WO to date (DAERA, 2022a). Unfortunately, the amount of land
committed is still limited, being just 0.17km?, to date. This datum is concerning considering
that closed water basins such as lakes and ponds are abundant in NI (with an extension of
approximately 562km?), and they register the worst status of water quality amongst all the
water bodies of the region (NIEA and DAERA, 2019). Amongst them, Lough Neagh is the
largest lake in the British Isles; it accounts for the 70% of all the closed water basins in NI, and
it provides 40% of its water supply (NIEA and DAERA, 2019). Recently, the quality status of
its waters has drastically deteriorated due to algal blooms produced, amongst other factors,
by the dispersion of animal manure (e.g. Aljazeera, 2023; BBC, 2023; News Sky, 2023). An ir-
reversible deterioration of water quality will lead to irreversible negative consequences for the
entire water system and thus the livestock sector of the region.

In our study, we slightly modify the design of this EFS — WO to include a bonus that pro-
vides an extra reward to farmers if they manage to cooperate and hence succeed in avoiding
catastrophic consequences. The presence of this bonus could enhance cooperation and im-
prove the low enrolments rates that are currently observed, hence providing policy recommen-
dations for the future design of the scheme beyond NI (e.g. Dalgaard et al., 2014; McKergow
et al., 2016). The design of our experiment builds on Barrett and Dannenberg's (2012) study on
climate negotiations under scientific uncertainty. While Barrett and Dannenberg (2012) focus
on a global issue, the present study explores cooperation at the local scale, hence implementing
a local public good game.

In the resource depletion literature, cooperation has been extensively investigated with re-
spect to production decisions in agriculture (e.g. Fesselmeyer & Santugini, 2013; Krimer &
Witzold, 2018; Nguyen et al., 2022). However, this literature has only recently started investi-
gating cooperation in the presence of a catastrophic threshold (de Zeeuw, 2014; Long, 2021).
A catastrophic threshold indicates a tipping point after which the use of common resources
is excessive and generates an irrecoverable environmental damage (e.g. Tsur & Zemel, 2021).
While theoretical models were developed and simulation studies were conducted to investigate
the impact of scientific uncertainty about the catastrophic threshold on cooperation amongst
users of common pool resources (e.g. Miller & Nkuiya, 2016), the empirical literature has
mainly focused on cooperation under strategic uncertainty, i.e. uncertainty about other users'
decisions to cooperate (e.g. Rommel, Schulze, et al. (2022); Schuch et al., 2021), therefore ig-
noring the joint effect of different sources and degrees of uncertainty on users' willingness to
cooperate.

This paper empirically investigates farmers' willingness and ability to cooperate to improve
the water quality of a closed aquatic ecosystem under scientific uncertainty. Specifically, this
paper fills this gap in the literature by investigating: (i) to what extent farmers' cooperation is
influenced by different degrees of catastrophic threshold and impact uncertainty, and (ii) to
what extent behavioural factors such as risk preferences, probability weighting, and loss aver-
sion influence cooperation. As our experiments replicate the same design and game-theoretical
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conditions used by Barrett and Dannenberg (2012), we expect that cooperation decreases as
impact and threshold uncertainty increase; more specifically, we expect to find the lowest level
of cooperation under high uncertainty and the highest level under full certainty. In addition,
we also expect threshold uncertainty to undermine cooperation more than impact uncertainty
as suggested by Barrett and Dannenberg (2012). The influence of behavioural factors such as
risk preferences, probability weighting, and loss aversion on cooperation in threshold public
good games is not well understood in the related literature and hence the nature of the study
was mainly explorative in our study.

Results contribute to the ongoing debate about the role that scientific uncertainty plays
on farmers' cooperation to fight global challenges related to climate change (e.g. Schill &
Rocha, 2023; Schuch et al., 2021). This is a timely issue given the renewed attention into agri-
cultural nutrient management such as the European Green Deal, the Farm-to-Fork Strategy
(European Commission, 2023a), and the new Sustainable Farming Incentive (DEFRA, 2023).
Specifically, results can provide policymakers with useful information regarding the influ-
ence that scientific uncertainty can have on farmers' participation into water protection AESs
and suggestions regarding potential strategies to boost farmers' participation in such schemes
(European Commission, 2023a; Kuhfuss et al., 2019). The remainder of the paper is organised
as follows: Section 2 provides the literature review, Section 3 presents the case study, Section 4
describes the experimental approach, Section 5 discusses the results, and the conclusions and
policy implications are presented in the last section.

2 | OVERVIEW OF THE EXISTING LITERATURE
2.1 | Farmers' cooperation under threshold and impact uncertainty

Cooperation can play an important role in preventing the over-use of shared natural resources
as in the tragedy of commons (Ostrom, 1990). Farmers' cooperation has been shown to be
beneficial in many contexts: greenhouse gasses reduction (e.g. Calzolari et al., 2018), irrigation
decisions (e.g. Fujiie et al., 2005), habitat and species conservations (e.g. Bareille et al., 2023;
Kuhfuss et al., 2022), creation of ecological corridors (e.g. Parkhurst & Shogren, 2007), fishery
(e.g. Miller & Nkuiya, 2016), and land use management (e.g. Banerjee et al., 2021; Kramer &
Witzold, 2018). Unfortunately, in many instances, farmers' willingness to cooperate can be
hindered by uncertainty about the collective effort required by users to avoid reaching cata-
strophic thresholds and about long-term economic losses due to irreversible natural resource
depletion (e.g. Nguyen et al., 2022; Schill & Rocha, 2023).

A few studies developed theoretical models to describe farmers' behaviour under scientific
uncertainty. For example, Fesselmeyer and Santugini (2013) developed a model describing the
behaviour of fishery's users under uncertainty on the quantity (fishery growth) and quality of
the catch. The model assumes that uncertainty about quantity reductions induces agents to
lower extractions of the natural resource, while uncertainty about quality deterioration has the
opposite effect. Other studies tested the ability of these theoretical models to explain farmers'
behaviour under scientific uncertainty using simulation procedures. Miller and Nkuiya (2016)
investigated the impact of catch regime shifts on fishermen's interactions and concluded that
exogenous shocks (i.e. scientific uncertainty) can have mixed results on cooperation.

The empirical research investigating farmers' cooperation in the management of common
pool resources has recently experienced rapid growth. However, this literature largely ignores
the impact that scientific uncertainty can have on farmers' cooperation to avoid irreversible
environmental damage. The catastrophic threshold and the impact generated by failure to
achieve the threshold are fixed (i.e. certain) in the vast majority of the studies. Hence, the only
source of uncertainty considered is strategic uncertainty, which refers to farmers' inability
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to know a priori other farmers' contributions. For example, Schuch et al. (2021) compared
Cambodian farmers' cooperation in a public good game, where the socially optimal strategy is
known in advance, and in a threshold game, where the threshold is fixed but social optimum
depends on the participants' contributions. Similarly, Rommel, Schulze, et al. (2022) developed
a public good game to investigate German farmers' willingness to cooperate where the source
of uncertainty is due only to participants' interaction.

Other studies have investigated the impact of strategic uncertainty on farmers' coop-
eration in public good games contextualising the experimental tasks to resemble decision
problems that farmers face in their everyday activities. Bouma et al. (2020) used a contextu-
alised threshold public good game to study how different collective bonus rules and differ-
ent threshold settings can affect participants' cooperation under strategic uncertainty. The
experimental tasks mimicked the decision to join a collective agri-environmental contract.
Similarly, Limbach et al. (2023) used a contextualised threshold public good game with
strategic uncertainty to investigate the effect on cooperation of an unconditional subsidy
(action-based payment) and a conditional subsidy (outcome-based payment). The experi-
mental tasks resembled farmers' decisions to participate in an AES to improve water quality.
Other studies have attempted to add realism to coordination games adding spatial and tem-
poral context to the experimental tasks. For example, Janssen et al. (2010) used a dynamic
public good game to test whether communication amongst participants and/or financial
punishment could enhance coordination. Banerjee et al. (2014, 2021) introduced a spatial
component by developing an agglomeration bonus to facilitate farmers' spatial coordina-
tion. The strengths and limitations of contextualization are much debated in experimental
economics. On the one hand, contextualization could increase the external validity of ex-
perimental findings and improve participants' understanding of experimental instructions
and tasks. On the other hand, it could increase the likelihood of confounding factors com-
ing into play and hence undermine the internal validity of experimental results (Alekseev
et al., 2017). More focused discussions on the pros and cons of using contextualization in ex-
perimental research involving farmers are provided by Appel and Balmann (2019), Rommel
et al. (2019), and Cerroni (2020).

The only study (that we are aware of) introducing threshold uncertainty in a public good
game with farmers is Schill and Rocha (2023). Specifically, this study tests the effect of dif-
ferent degrees of threshold uncertainty (risk, ambiguity, certainty) on cooperation with a
lab-in-the-field experiment involving Colombian fishermen. Results indicated that threshold
uncertainty does not increase the over-use of common pool resources, while catch inequalities
and community-level factors are the main drivers of such exploitation. Our paper contributes
to this research by investigating jointly the effect of different sources (threshold and impact)
and degrees of uncertainty (full, high, low, and no uncertainty) on farmers' cooperation using
a contextualised experiment. Table 1 summarises this literature review.

2.2 | Economic agents' cooperation under threshold and impact uncertainty

Our study is strictly related to the substantial body of research investigating economic agents'
cooperation in climate change public good games.' Specifically, it builds on the lab experi-
ment conducted by Barrett and Dannenberg (2012) to assess countries' willingness to cooper-
ate in climate negotiations under two sources of uncertainty: threshold and impact uncertainty
(i.e. students acted as countries in the lab). The former referred to the total emission

'We acknowledge the existence of a stream of experimental literature looking at economic agents' cooperation under threshold
uncertainty, different initial endowment of resources, and agents' communication not specifically related to climate change issues
(e.g. Budescu et al., 1995; Hackett et al., 1994; Ostrom et al., 1992)
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TABLE 1 Experimental studies on public good games with/without threshold and impact uncertainty.
Behavioural
Study Sample Group threshold  Economic impact factors Findings
Studies involving farmers or having an agricultural contextualisation
Janssen 165 US Non-random Non-random None Communication is an
et al. (2010) undergraduate effective way to reduce
students resource harvesting and
increase overall welfare;
costly punishment alone
is not sufficient to avoid
resource depletion
Banerjee 144 US students  Non-random Non-random — None Under strategic
etal. (2014) proportional to uncertainty about other
the number of players' choices, the
direct neighbours risk-dominant strategy is
selected in the long run
Bouma et al. (2020) 204 Dutch farm  Non-random Non-random via None Exogenous thresholds
management although group bonus: fixed work better than
students exogenous and (identical payoffs) endogenous thresholds to
endogenous and variable promote cooperation with
(different payoffs) mixed results for group
bonus
Schuch 282 Cambodian  Non-random Non-random Risk aversion  Risk and social capital
etal. (2021) farmers elicited via affect cooperation in the
one shot linear public good game,
lottery not in the threshold game
Rommel, Schulze, 358 German Non-random Non-random None Amongst the studied
etal. (2022) farmers treatments, nudging the
social optimum is the
most effective to promote
cooperation
Limbach 140 French Non-random Non-random: Risk aversion  No difference between

etal. (2023)

Schill and
Rocha (2023)

students and 24
French farmers

256 Colombian
fishermen

Non-random,
random

with fixed
probability,
and random
in an interval
with unknown
probability

constant
(unconditional)
and variable
(conditional)
subsidy

Non-random

Studies involving students or without an agricultural contextualisation

Milinski
et al. (2008)

Tavoni et al. (2011)

180 German
students

240 German
students

Non-random

Non-random

Random with
fixed probability

for each treatment

of losing all if
the fixed group
threshold is not
achieved: 90%
probability; 50%
probability; 10%
probability
Random with a
fixed probability
of loss (50%)

elicited via
Holt and
Laury (2022)

None

None

None

conditional and
unconditional subsidy;
farmers cooperated
more than students; risk
aversion does not affect
cooperation

Threshold uncertainty
does not increase the
over-use of common
pool resources, while
catch inequalities and
community-level factors
are the main drivers of
such exploitation

Cooperation fails when the
probability of an economic
impact is low, but it
prevails when it is high

Unequal initial
endowment reduces
participants' cooperation,
and communication
increases it
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TABLE 1 (Continued)
Behavioural
Study Sample Group threshold  Economic impact factors Findings
Barrett and 400 German Non-random Non-random and Risk aversion  Threshold uncertainty
Dannenberg (2012) students and random random (uniform elicited via reduces cooperation;
(uniform distribution) one-shot impact uncertainty alone
distribution) lottery does not; no effect of
behavioural parameter
Dannenberg 180 German Non-random, Non-random Relevance of  Cooperation fails under
etal. (2015) students random based risk, safety, threshold uncertainty and
on the uniform strategic ambiguity, and the lowest
distribution uncertainty, level of cooperation is
(risk), and and fairness attained under threshold
random in an in players' ambiguity. Fairness more
interval with cooperation important under risk and
unknown self-assessed ~ ambiguity
probability at the end via
distribution multiple-
(ambiguity) option
questions.
Maas et al. (2017) 92 US students Non-random Non-random Risk aversion  Threshold uncertainty

and random
(uniform
distribution)
with low and
high uncertainty

elicited via
Likert scale

reduces cooperation and
increases the likelihood
of resource depletion. No
effect of risk aversion on
cooperation

Ahsanuzzaman 318 US students  Non-random, Non-random Risk and Threshold risk and
etal. (2022) random-based ambiguity ambiguity reduce
three outcomes preferences cooperation, and
with the same elicited communication improves
probability via Akay it. Risk and ambiguity
(1/3; risk), and etal. (2012) preferences do not affect
random-based lotteries cooperation
three outcomes
with unknown
probabilities
(ambiguity)
Hurlstone 240 Australian Non-random Non-random and Risk Early signals of
et al. (2022) students and random random (uniform  aversion, loss  approaching the threshold
(uniform distribution) aversion, can improve cooperation,
distribution) fairness, only altruism affects
trust, cooperation amongst the
altruism, and  tested behavioural factors
temporal
discounting
elicited via
Likert scale

reductions needed to avoid catastrophic consequences due to climate change, while the latter
was related to the economic costs associated with such catastrophic consequences. In the ex-
periment, emissions could be reduced by investing in green technologies. The experimental
design consisted of four treatments: (i) full certainty, where both threshold and impact uncer-
tainty are certain; (ii) threshold uncertainty only, where threshold is uncertain and impact is
not; (iil) impact uncertainty only, where impact is uncertain, but threshold is not; and (iv)
threshold and impact uncertainty combined. Results suggested that, while threshold uncer-
tainty prevents cooperation, impact uncertainty has a limited effect on the participants' will-
ingness to cooperate. The peculiarity of this study is that it accounts for both threshold and
impact uncertainty in a public good game, while most of the related literature focuses exclu-
sively only on one source of uncertainty at the time. For example, Maas et al. (2017) tested if
threshold uncertainty affects students' cooperation with a lab experiment and confirmed that
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uncertainty around the tipping point reduces the level of cooperation and increases the
chances of resource destruction. Similarly, Hurlstone et al. (2022) indicated that early signals
of approaching climate thresholds are beneficial to increase cooperation amongst students.
Dannenberg et al. (2015) explored whether cooperation was affected by the degree of thresh-
old uncertainty. Specifically, the authors designed a lab experiment where students were ex-
posed to three different treatments: (i) fixed threshold (certainty); (i) random threshold
distributed according to the uniform distribution (threshold uncertainty); and (iii) random
threshold with unknown probability distribution (threshold ambiguity). Overall, results sug-
gest that cooperation fails under threshold uncertainty and ambiguity, and the lowest level of
cooperation is attained under threshold ambiguity. A recent study by Ahsanuzzaman
et al. (2022) conducted a similar exercise and found similar results.

In contrast, in a lab experiment with students, Milinski et al. (2008) analysed how different
levels of economic losses (impact uncertainty) affect their willingness to cooperate to avoid a
fixed threshold. The results indicated that although cooperation fails for low levels of economic
loss, it prevails when it is sufficiently high. Similarly, Tavoni et al. (2011) studied the effect of
unequal endowment of resources and participants' communication on their willingness to coop-
erate to fight climate change. In a lab experiment, students were given an initial budget to con-
tribute to the game by knowing that, if a fixed threshold was not achieved by all the contributors,
there was a 50% chance that they would lose all their money (impact uncertainty). The results
indicated that while the unequal initial endowment reduces participants' cooperation, commu-
nication increases it. Table 1 summarises the literature review on cooperative public good game
under uncertainty. With respect to these studies, our research contributes to the literature by
combining these two streams of research, thus exploring the impact of different sources and de-
grees of uncertainty on cooperation. In addition, our paper makes use of a non-student sample.

3 | CASE STUDY

We focus on grazing livestock production in Northern Ireland given the importance of this
sector in the region (DAERA, 2021) and the fact that farms are still the primary source of con-
tamination of water bodies (NIEA and DAERA, 2019). Higgins et al. (2021) analysed the con-
tribution to phosphorous by each livestock ruminant grassland sector in NI and found that the
phosphorous over-supply was more acute in dairy grassland than in other ruminant non-dairy
grassland sectors due to its more intensive farming.” Amongst different water bodies, lakes
have the worst status of water quality in the region, followed by rivers, marine waters, and
ground waters (NIEA and DAERA, 2019). In 2018, 48% of lakes reported a poor or bad status
of their waters against 15% of rivers, 5% of marine waters, and 0% of ground waters (NIEA
and DAERA, 2019).

NT authorities are aware of the damages caused by the livestock ruminant grassland sec-
tor to the water bodies, and they have adopted a series of policy measures to mitigate this
threat (NIEA and DAERA, 2019). Amongst them, the EFS — WO allows the creation, along
lakes, rivers, and other water bodies, of ungrazed buffer zones of different width, by way of
a stock-proof fence to prevent livestock grazing and depositing excrement near water
(DAERA, 2022a).% The scheme aims at stimulating the creation of ungrazed buffer zones by

2The 50% of the dairy grassland was over-supplied with phosphorus (p>25mg Olsen-P 1 soil-1) against 25% of the beef and sheep
grassland (Higgins et al., 2021).

3In livestock production, riparian zones provide numerous benefits to adjacent water bodies not only through the reduction of
pollution, but also by stabilising streambanks, filtering of runoff, reducing of peak floods, and enhancing biodiversity (e.g.
Lowrance et al., 2002). The installation of fencing to exclude cattle is also one of the most effective ways to protect riparian buffer
zones (e.g. Muirhead, 2019).
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paying farmers proportionally to the enrolled land. The scheme aims at improving the qual-
ity of the aquatic ecosystems alongside other policy measures defined at the same scale, for
example the Lough Neagh and the River Basin Management Plans (DAERA, 2019).
Unfortunately, the adoption of the scheme has been limited in terms of subscribers and
enrolled land (DAERA, 2022a). For example, 4% of all the EFS agreements in NI were
signed under EFS — WO, and the amount of land committed was only 0.17km? to date
(DAERA, 2022a).

Amongst other reasons, impact and threshold uncertainty can contribute to farmer's low
uptake of the scheme. In general, the uncertainty to anticipate a change in the status of a water
body is due to natural variability and knowledge-based inconsistency (Evans et al., 2019). The
Water Framework Directive (WFD) is an interesting case (Nicholson et al., 2020). The WFD
aims to implement new hydrological plans to improve the ecological status of water bodies
and sets the guidelines that member states must follow to assess any change in its quality.
Specifically, the WFD manages the uncertainty linked to the evaluation of water quality by
providing results in the form of likelihoods of various outcomes (Nicholson et al., 2020). For ex-
ample, the methodology adopted by DAERA under the WEFD considers uncertain any change
in the status of water quality below 75% confidence (NIEA and DAERA, 2019). Therefore,
while the detrimental impact of livestock activities on water quality is certain, its quantifica-
tion is subject to debate (Nicholson et al., 2020). In terms of farmers' cooperation, this means
that there is uncertainty to fix the threshold of their collective effort to avoid the deterioration
of a water body and, therefore, to assess the economic losses if that threshold is not reached.
In all these cases, farmers have a collective incentive to reach the threshold (for example, to
avoid possible regulatory penalties and business costs), but they also face individual incentives
of free riding.

4 | MATERIALS AND METHODS
4.1 | Sample and data collection

The sample consists of 140 participants recruited from a pool of 3006 farmers that in 2017-2018
took part in the EU Exceptional Adjustment Aid (EAA) — Soil Sampling and Analysis Scheme
in NI. The purpose of the scheme was to provide free testing and analysis of the soil conditions
to farmers.

Recruitment and data collection were conducted by a survey company specialised in farm-
ers' research (Social Market Research — UK and Ireland Market Research Agency). A strati-
fied random sampling strategy was used to recruit a representative sample of the population
with respect to farm size and type (i.e. dairy and non-dairy grazing livestock). Farmers who
consented to participate to the study were sent a web link as the experiment was conducted
online without the presence of a facilitator.* In total, 14 sessions with 10 farmers each were
conducted between July and August 2021. The experiment was piloted with 29 farmers in June
2021.

Table 2 reports some farmer and farm characteristics. Table 2 indicates that the average age
was 48 years and 11% of farmers were female. Regarding the characteristics of the farm, 34%
were dairy and 48% were located in non-disadvantaged areas (lowland). The term lowland

“Each farmer went through the experiment independently. As reported in Appendix S1, each farmer was told that the final payoff
depended on decisions made by the other nine farmers who participated in previous sessions of the study. The allocation of
farmers was randomly executed. The payoff of the first farmers who participated in the study depended also on decisions made by
farmers who participated in the pilot session. This procedure (i.e. cold matching) is often used in interactive games conducted in
online environments.
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TABLE 2 Summary statistics on farmer and farm characteristics.
Standard
Treatment group Variable name Mean deviation Minimum Maximum
Threshold uncertainty Age (years) 49.16 11.64 22 73
Female (1 =female) 0.10 0.31 1
Environmental attitude 0.60 0.49 1
Dairy farm (I =yes) 0.24 0.43 1
Lowland farm (1 =yes) 0.50 0.50 1
Farm size (acres) 138.74 132.21 11 700
AES (1=yes) 0.33 0.47 1
Farm successor (1 =yes) 0.71 0.46 1
Impact uncertainty Age (years) 47.17 12.05 25 76
Female (1 =female) 0.12 0.33 0 1
Environmental attitude 0.66 0.48 1
Dairy farm (1 =yes) 0.43 0.50 1
Lowland farm (1 =yes) 0.47 0.50 1
Farm size (acres) 162.71 131.33 15 800
AES (1=yes) 0.24 0.43 0 1
Farm successor (1 =yes) 0.66 0.48 0 1
Variable name Sample mean Population mean®
Overall Age (years) 48.16 53.20
Female (1 =female) 0.11 0.10
Dairy farm (1 =yes) 0.34 0.32
Lowland farm (1 =yes) 0.48 0.43
Farm size (acres) 150.72 131.75
AES (I =yes) 0.28 0.32
Farm successor (1 =yes) 0.68 0.65

Variable name

Age (years)

Female (1 =female)
Environmental attitude
(1=yes)"

Dairy farm (I =yes)

Lowland farm (1 =yes)

Farm size (ha)
AES (1=yes)

Farm successor (1 =yes)

Variable definition

Farmer's age in years

Farmer's gender, 1 female, 0 male

1 if environmental attitude, 0 otherwise

Farm type, | if main activity is dairy, 0 otherwise

Land type, 1 lowland/non-disadvantaged area, 0

otherwise

Farmland in hectares

1 if farmer is taking part to AES, 0 otherwise

1 farmer has a farm successor, 0 otherwise

*Source: DAERA (2016, 2018a, 2018b).
"Environmental attitudes towards water conservation practices were elicited using a Likert scale with multiple items, where 1
means completely disagree and 5 completely agree with water quality improvements. The binary variable equal to 1 if the average

response was larger than 4.

is used to describe those parts of the country which, because of their improved agricultural
conditions, have not been designed as Areas of Natural Constraints under EU legislation
(DAERA, 2021). The sample is representative of Northern Irish grazing livestock sector as
shown in Table 2. Overall, the sample shows consistent similarities across treatment groups as
explained in the next section.
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TABLE 3 Summary of the experimental treatments.

Treatment group

Rounds Threshold uncertainty Impact uncertainty

1 Full uncertainty High threshold uncertainty High threshold uncertainty
High impact uncertainty High impact uncertainty

2 High uncertainty High threshold uncertainty No threshold uncertainty
No impact uncertainty High impact uncertainty

3 Low uncertainty Low threshold uncertainty No threshold uncertainty
No impact uncertainty Low impact uncertainty

4 No uncertainty No threshold uncertainty No threshold uncertainty
No impact uncertainty No impact uncertainty

4.2 | Experimental design

The lab-in-the-field experiment consists of three sections. In section 1, farmers participated
in a multi-player farm business game where they were asked to report the number of land
parcels enrolled in the AES. The purpose of the AES is to create ungrazed buffer zones to
avoid the deterioration of water quality in an adjacent lake. Agricultural activity cannot be
carried out on the enrolled land. Farmers were informed that if an insufficient amount of land
parcels are submitted by all participants, there will be an irrecoverable deterioration of water
quality with a consequent economic loss for their farms due to additional regulatory burdens.
Farmers received monetary compensation depending on the amount of land that they submit-
ted to the scheme. To facilitate participation, farmers received additional financial compensa-
tion that was calculated based on the amount of submitted land by all farmers enrolling in the
AES. Hence, each farmer's payoff depends on her/his and other farmers' decisions.

Table 3 summarises the experimental design of the farm business game. Farmers were ran-
domly allocated to two between-subject treatment groups called ‘threshold uncertainty’ (70
farmers) and ‘impact uncertainty’ (70 farmers). In the former group, farmers were exposed to
scientific uncertainty about the minimum total number of land parcels that must be enrolled
to avoid catastrophic consequences. In the latter group, farmers were exposed to scientific
uncertainty regarding the consequent economic losses. In each treatment group, farmers were
asked to enrol land parcels in four different rounds which present decreasing levels of thresh-
old and impact uncertainty, respectively (within-subject treatments). Round 1 (full uncer-
tainty) is equivalent in the two treatment groups, as farmers faced a high level of both threshold
and impact uncertainty. Similarly, in round 4 (no uncertainty), all farmers faced no threshold
and impact uncertainty, regardless of the treatment they were assigned to. In contrast, farmers
assigned to the ‘threshold uncertainty’ treatment group faced no impact uncertainty, but a
high and low threshold uncertainty in round 2 and round 3, respectively. Farmers assigned to
‘impact uncertainty’ treatment group experienced a symmetric situation. More details about
how different degrees of uncertainty were defined will be provided in the sections below.’

In Section 2, farmers' risk preferences, probability weighting, and loss aversion were elicited
using the approach proposed by Tanaka et al. (2010). In Section 3, farmers filled in a short
questionnaire about their socio-demographic characteristics including their attitudes towards
water conservation in grazing livestock farming. Before starting the experiment, farmers had
the possibility to see several examples and take practice rounds to familiarise themselves with

>We acknowledge that our design can lead to order effects and hence it could trigger learning and/or fatigue. However, our design
represents the only possible approach to investigate the impact of increasing (decreasing) levels of uncertainty on cooperation
within farmers. Using a between-subject design was not an option given the hard-to-reach subject pool.
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how their choices will affect their final payoff. A control question was added to improve the
quality of data as shown.’

4.3 | Experimental business game

The description of the representative farm was based on data describing NI agriculture in
2020 (DAERA, 2021). In the experiment, farms were separated from the lake edge by an exist-
ing fence. Each farmer was asked to decide how much land to submit under a new EFS — WO
by moving the fence back from the lake edge to create an ungrazed buffer zone. Farmers will
receive a subsidy according to the amount of land they decide to enrol in the AES.

In the experiment, farmers are asked to enrol land in parcels of 100m in length from their
eligible farmland. They can enrol a maximum of 20 parcels as each farm has a 2km boundary
along the lake's edge. Farmers had the possibility to submit parcels under 2 options according
to their width:

* Option A=2m wide parcel =200 square metres per parcel of land;
e Option B=8m wide parcel =800 square metres per parcel of land.

Figure 1 shows examples presented during the experiment to explain farmers how to submit
parcels.

The payment level was set according to the subsidy paid by DAERA for the EFS — WO that
corresponds to £355/ha (DAERA, 2022a). As the gross margin per hectare of grazing livestock
farms in NI exceeded the payment/ha, farmers would incur a certain economic loss propor-
tional to the amount of submitted land as forgone income. This was communicated to farmers
with a series of numerical examples of different levels of commitment under option A, option
B, and both.

To introduce the threat of a catastrophic water quality deterioration, farmers were informed
that, if a collective effort was not made to take part in the AES, there was the possibility that
the lake would be subject to irrecoverable environmental damage in the future. If so, voluntary
measures such as those in the AES could be replaced with compulsory regulations, which will
require a farmer to pay for a series of interventions mandated by the government.” However,
due to scientific uncertainty, it was not possible to know in advance the exact number of land
parcels needed to avoid the catastrophe (threshold uncertainty) and the consequent economic
loss (impact uncertainty). In the experiment, a series of examples were provided to motivate
each source of uncertainty (see Appendix S1).

4.4 | Game-theoretical model and parameters' calibration

The game-theoretical model assumes that there are N symmetric risk-neutral farmers, each
one able to submit land by up to ¢® under option A and by up to g8 _under option B. The

max max

The control question is reported in Appendix S2.1. where it is also reported that 24 (17%) farmers failed to provide the correct
response. These farmers were excluded from the analyses.

"Livestock farmers are used to mandatory intervention in NI. The most common case is the increased severity of regulations
imposed via the Nitrates Action Programme (NAP), which is a legal regulation in NI. NAP was introduced in NI in 2007 and, over
the years, farmers have witnessed an aggravation of compulsory regulations in response to water quality deteriorations in the
region. For example, the closed period for the application of slurry was extended over the years, and this required farmers to
increase slurry storage capacity and/or reduce stock numbers (DAERA, 2022b). Similarly, the imposition of margins around water
bodies where a farmer is not permitted to spread slurry or chemical fertilisers has widened under NAP. Both these measures are
aimed at reducing nutrient run-off into waterways and therefore improve the overall water quality.
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Example 1: 4 parcels under Option A Example 2: 4 parcels under Option B

2 4 6 8 10 Parcels 2 4 6 8 10 Parcels
Lake metre metre metre metre metre Lake metre metre metre metre metre

s s s s s ofland s s s s s ofland

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

10 10

11 11

12 12

13 13

14 14

15 15

16 16

17 17

18 18

19 19

20 20

Example 3: 4 parcels under Options A and B Example 4: 10 parcels undr A, 5 parcels under B, 3 parcels under both

2 4 6 8 10 Parcels 2 4 6 8 10 Parcels
Lake metre metre metre metre metre Lake metre metre metre metre metre

s s s s s of land s s s R s of land

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

10 10

11 11

12 12

13 13

14 14

15 15

16 16

—-
-

—
0

—
0

3
o

FIGURE 1 Examples of parcels and farmland enrolled in the AES under different options. A farm is
distributed over a 2x0.5 km? plot. The bold black line delimits the land enrolled with the fence.

per-unit cost of these options is ¢* < ¢B. In Barrett and Dannenberg (2012), option A is the low-
cost technology for emission reduction, while option B is the expensive technology of emission
abatement. In our setting, option A allows the creation of narrower buffer zones, while option
B allows the creation of wider buffer zones as in the EFS — WO programme (DAERA, 2022a).
The two fencing options can be combined.

In the experiment, we introduced a group bonus. The group bonus b represents the ad-
ditional subsidy that each farmer would receive for every parcel of land submitted in the
lake. In order to have the classical prisoners' dilemma, parameters need to be set such that
cB > beN > cA > b. Inour experiment, this corresponds to:
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e N=10 farmers

o A=£23 per parcel of land under option A
o B =£92 per parcel of land under option B
e b = £7 per parcel of land submitted

where ¢* and ¢B were determined as forgone income proportionally to the amount of land
under each option.® The value of the group incentive b was set equal to its mean value which
is £7 for every parcel of land submitted in the lake regardless of the option A or B.” For these
parameter values, self-interest impels that each farmer would submit 0 land, whereas collec-
tively all the farmers in the lake are better off if each submits qr/;\lax under option A, and 0
under option B. _
Farmers need to submit a minimum number of parcels of land above a given threshold Q. In
order to avoid the irreversible deterioration of water quality, the threshold needs to be set such
that farmers can avoid the catastrophe if they top up the cheap submission (option A — narrow
parcels of land) with the expensive submission (option B — wide parcels of land). In this setting,

as ¢» =¢B =20 parcels of land under each option and N = 10 player-farmers, Q ranges
from 200 and 400 parcels.

Submission of land short of 0O would result in the irreversible environmental damage and
the related economic loss X (per farmer per year). As explained in the next section, the eco-
nomic loss is set to exceed by a large margin the cost of submitting land under each option.
Thus, farmers have an incentive to avoid environmental damage.'® However, as the submission
of land is expensive in terms of forgone income, farmers would maximise their payoff by nar-
rowly avoiding the threshold (i.e. the optimal number of submitted parcels per farmer is 30: 20
under option A plus 10 under option B).

A final observation concerns attitudes towards risk which can play a crucial role in the anal-
ysis of collective best outcome under catastrophic climate change (Weitzman, 2009). In Barrett
and Dannenberg (2012), participants of the multi-player game are assumed to be risk neutral.
However, farmers are often found to be risk averse (e.g. Cerroni, 2020; Iyer et al., 2020). In this
paper, we test farmers' risk neutrality and control for possible deviations.

4.5 | Sources and degrees of uncertainty
Threshold uncertainty Q presents three levels of uncertainty'":

* High uncertainty: Q is assumed to be distributed uniformly within its feasible range
0 € [Omin» Omax] = [200,400] parcels of land.

e Low uncertainty: Q is assumed to be distributed within its feasible range [200,400], but with
a 50% lower variance than the case with high uncertainty.

* No uncertainty: Q is certain and set equal to 300 parcels.

8As the gross margin per hectare of grazing livestock farms is £1550 (DAERA, 2021) and the payment provided by the government
under the EFS — WO option is £355 of ungrazed buffer hectare, the forgone income would correspond to £1150/ha or £23 under
option A and £92 under option B.

Given ¢ = £23,¢B = £92, N = 10, by dividing the inequalities ¢® > b+ N > ¢* > b by N implies that b € (£2.3, £9.2) or £6.75 as its
mean value. This was rounded to £7 per parcel.

"The game has 2 Nash equilibria in pure strategy: in one, every farmer submits 0 land. In the other, farmers submit ¢4, under
option A and O /N — ¢4 under option B. As far as the economic loss X > (¢B —b) « O/ N — (B — ¢*) « g2 . the latter
equilibrium is always preferred.

"According to Knight (2013), it would be more appropriate to frame our decision problem under conditions of risk rather than
uncertainty as the probability distributions are provided to farmers during the experiment. In the paper, we use the term
uncertainty to be consistent with the related literature (e.g. Barrett & Dannenberg, 2012).
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We followed the same approach for the annual economic loss/impact X that a farmer will
incur in case the threshold Q is not achieved.

* High uncertainty: X was assumed to be uniformly distributed between £2400 and £4800.
The central value of the economic loss as its feasible range was determined to make the co-
operative equilibrium preferred.'”

e Low uncertainty: X is assumed to be distributed within its feasible range [£2400, £4800], but
with a 50% lower variance than the case with high uncertainty.

* No uncertainty: X is certain and set equal to £3600.

The Low uncertainty treatment was implemented via a triangular distribution in both the
threshold and impact uncertainty groups to maintain symmetry. For example, for the thresh-
old uncertainty group, a triangular distribution with parameters set equal to 200, 300, and 400
has 50% lower variance than a uniform distribution between 200 and 400. Low and high
threshold uncertainty were communicated to farmers using Figure 2a,b, respectively. Similarly,
low and high impact uncertainty levels were communicated to farmers via Figure 2c,d,
respectively.*!*

4.6 | Monetary incentives

Participants received an e-voucher on completion of the online experiment made by a fixed
participation fee (£18) and a variable additional payment which could be up to £43.60 depend-
ing on famers' decision during the experiment. The variable component consists of two ele-
ments. The first is based on farmers' decisions in each experimental session and could be up to
£9.60 per farmer. At the beginning of the game, farmers were informed that they had a budget
of £7000 and that no farmer could be left out of pocket at the end of the game even in case of
maximum economic loss, maximum individual commitment, and no cooperation from the
other participants. Farmers were also informed that their final payoff was calculated based
on farmers' decisions in one of the four land parcel allocation rounds that they face during the
game. The binding round is randomly selected at the end of the experiment. If, in the selected
binding round, threshold and/or impact are characterised by high uncertainty, then the thresh-
old and/or impact determining the payoff will be randomly drawn from the uniform distribu-
tions presented in Section 4.5. Similarly, if, threshold and/or impact are characterised by low
uncertainty, the triangular distribution presented in Section 4.5 will be used. The payoff is
the final budget left in their account divided by £1000 (i.e. a budget of £1000 is equivalent to a
payoff of £1).

The second element was calculated by randomly selecting one of the decision problems
(i.e. row) presented in Tanaka et al. (2010). Original payoffs used by Tanaka et al. (2010) were
divided by 50, so that the minimum payoff is —£420 and the maximum is £34,000. The payoff
is then divided by £1000 (i.e. a gain of £1000 is equivalent to a payoff of £1). Payoff obtained
from the farm business game and Tanaka et al's multi-price list format was disclosed at the
end of the experiment.

BASX > (B =b) e O/ N = (cB —c*) e g2, the economic loss cannot be smaller than £2020 in order to make the cooperative
equilibrium preferred even in case of highest threshold value (Q = 400). The range of the economic loss was set proportionally to
the game budget as in Barrett and Dannenberg (2012).

BFarmers were exposed to the spinning wheels in Figure 2 before starting the business game. They participated in a practice round
where they could spin the wheels as many times as they wanted and check how their final payoff would change.

An in-depth explanation of how the spinning wheels were generated is provided in Appendix $2.2.
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FIGURE 2 Spinning wheels under high threshold uncertainty (a), low threshold uncertainty (b), low impact
uncertainty (c), and high impact uncertainty (d). See Appendix S2.2 for a discussion on how the spinning wheels
were designed.

5 | ECONOMETRIC ANALYSES AND RESULTS

Odds =41% Odds = 41%

5.1 | The farm business game: Qualitative analysis

Figure 3 shows the average number of parcels of land submitted by a farmer by treatment and
round. Three main preliminary conclusions can be reached based on these results. First, the
lowest and highest levels of cooperation are achieved under full uncertainty and no uncer-
tainty respectively. Second, farmers' cooperation increases as uncertainty decreases. Third,
farmers in the impact uncertainty group submitted more land than those in the threshold
uncertainty group. Figure 3 also shows the percentage of farmers' groups that submitted a
number of parcels equal or larger than the equilibrium values. These percentages suggest that
group performances do not improve when threshold uncertainty decreases unless this source
of uncertainty is totally removed (no uncertainty). In contrast, group performances constantly
improve when impact uncertainty decreases. In addition, group performances under impact
uncertainty are constantly better than those under threshold uncertainty.
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FIGURE 3 Average number of parcels of land submitted by a farmer. The percentages on the bars indicate the
fraction of farmers' groups that submitted a number of parcels equal or larger than the cooperative equilibrium
value (30 parcels per farmer).

5.2 | The farm business game: Econometric analysis

Two regression models were estimated to explore the impact of different sources and degrees
of uncertainty on farmers' cooperation. Specifically, for each source of uncertainty (i.e. thresh-
old and impact), the number of enrolled parcels (Model 1 — Basic) and the amount of enrolled
land in hectares (Model 2 — Basic) are regressed on four fixed effects denoting the level of un-
certainty faced by the farmer in each round (i.e. full uncertainty, high uncertainty, low uncer-
tainty, and no uncertainty). The number of land parcels (Model 1 — Basic) is modelled using a
generalised linear model (GLM) for binomial response data to reflect the fact that the outcome
is an integer number limited between 0 and 40 parcels (Blizzard & Hosmer, 2006). The amount
of enrolled land (Model 2 — Basic) is modelled using a fractional probit model after normalis-
ing the dependent variable to 0—1 (Papke & Wooldridge, 1996)."> A set of F-tests is used to
compare each pair of coefficients associated with the four fixed effects and, hence, to explore
the impact of different sources and degrees of uncertainty on farmers' participation in the
AES. Table 4 reports the regression results, while Table 6 shows the relative F-tests.

These results indicate three interesting cooperation patterns. First, the lowest level of coop-
eration is consistently reached when farmers face full uncertainty (i.e. high uncertainty linked
to both threshold and impact). Specifically, Table 6 indicates that cooperation under high
(round 2), low (round 3), and no uncertainty (round 4) is statistically higher than under full un-
certainty (round 1). Second, while farmers' cooperation increases if one source of uncertainty

In Appendix S2.3, we present results from non-parametric tests. These are consistent with results from the estimation of our
econometric models. In addition, to consider potential session-level effects, in Appendix S2.4, we show the results obtained from
models where standard errors were clustered at group rather than at the farmer's level. No main differences were detected in the
results.
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TABLE 4 Regression results from the estimation of basic models®.

Parcels” (model 1) Land® (model 2)
Standard Standard
Treatment group Variable Coefficient  error Coefficient  error
Threshold uncertainty 1: Full uncertainty 0.45%%* 0.12 0.03 0.08
2: High uncertainty 0.75%** 0.13 0.25%** 0.09
3: Low uncertainty 0.79%*** 0.14 0.31%%* 0.09
4: No uncertainty 0.91%** 0.13 0.38%** 0.09
Observations 232 232
Log-likelihood —1536.47 —115.99
Impact uncertainty 1: Full uncertainty 0.57%** 0.11 0.11 0.08
2: High uncertainty 0.75%** 0.12 0.25%** 0.08
3: Low uncertainty 0.80%** 0.12 0.32%** 0.08
4: No uncertainty 0.97*** 0.13 0.44%%* 0.09
Observations 232 232
Log-likelihood function —-1379.59 —-113.83

Note: ¥¥* ** *indicates statistical significance at the 1%, 5%, and 10% level.
“Robust standard errors clustered at the farmer level.

Generalised linear regression model for binomial response data.
“Fractional probit model.

is fully removed, it does not substantially change when uncertainty is reduced from high (round
2) to low (round 3). This result signals that farmers are not sensitive to reductions in the degree
of uncertainty. The pairwise comparisons in Table 6 indicates that the difference between high
uncertainty (round 2) and no certainty (round 4) is statistically significant at the 1%-5% level
for parcels and land in each treatment group. In contrast, no statistical significance between
high and low uncertainty (rounds 2 and 3) was found across treatments, parcels, and amount
of enrolled land.

Third, farmers are slightly more sensitive to reductions in impact uncertainty than those
related to threshold uncertainty. Table 6 shows that while farmers' cooperation increases when
impact uncertainty is reduced from low (round 3) to none (round 4), this does not happen for
the threshold uncertainty group. These results are consistent regardless of whether we mea-
sure cooperation in terms of parcels (Model 1 — Basic) or amount of enrolled land (Model 2
— Basic) and suggest that farmers are more responsive to impact uncertainty than threshold
uncertainty reductions. If threshold uncertainty is interpreted as the probability that given
negative consequences will be triggered, then the results imply that farmers are rather insensi-
tive to probability changes. This finding is consistent with empirical evidence demonstrating
that economic agents, including farmers, can be rather insensitive to changes in the proba-
bility of a risk occurring (e.g. Cop et al., 2023; Hammitt & Graham, 1999). Hence, farmers'
response to risks often deviates from rational choice theory (i.e. expected utility theory, e.g.
Bocquého et al., 2014; Rommel, Schulze, et al., 2022) and it is driven by the use of heuristics
(e.g. Menapace et al., 2013).

Two additional models were estimated that incorporate a set of covariates controlling for
farm and farmer's characteristics (Model 1 — Extended and Model 2 — Extended). Table 2 re-
ports the covariates included in Models 2. Results from the estimation of these models are
shown in Tables 5 and 6. Farmers' cooperation in response to uncertainty follows the same
pattern that was found when estimating the basic models (i.e. without covariates). However,
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TABLE 5 Regression results from the estimation of extended models®.

| s

Economics

Parcels” (model 1) Land® (model 2)
Standard Standard

Treatment group Variable Coefficient error Coefficient error

Threshold uncertainty 1: Full uncertainty 2.10%** 0.61 1.05%* 0.42
2: High uncertainty 2.42%%* 0.63 1.27%%* 0.43
3: Low uncertainty 2.46%** 0.63 1.34%%* 0.43
4: No uncertainty 2.57%%* 0.62 L.41%%* 0.43
Female -0.22 0.35 -0.10 0.25
Age —0.03** 0.01 —0.02%* 0.01
Env. attitude 0.25 0.22 0.16 0.15
Dairy farm -0.06 0.27 -0.09 0.19
Lowland farm —-0.37 0.23 —-0.11 0.15
Farm size (acres) 0.00 0.00 0.00 0.00
AES membership 0.33 0.20 0.16 0.15
Farm successor —0.49%* 0.21 -0.25 0.17
Observations 232 232
Log-likelihood —1339.57 -111.19

Impact uncertainty 1: Full uncertainty 1.70%** 0.52 0.90%** 0.33
2: High uncertainty 1.89%** 0.52 1.05%** 0.33
3: Low uncertainty 1.93%** 0.52 [L12%** 0.33
4: No uncertainty 2. 11%** 0.53 [.25%%* 0.34
Female —-0.23 0.44 -0.13 0.29
Age —0.02* 0.01 —0.01** 0.01
Env. attitude -0.09 0.24 —-0.14 0.14
Dairy farm 0.16 0.25 0.01 0.17
Lowland farm 0.33 0.24 0.21 0.15
Farm size (acres) 0.00 0.00 0.00 0.00
AES membership 0.33 0.24 0.40%* 0.17
Farm successor —0.61%** 0.20 —0.36%* 0.14
Observations 232 232
Log-likelihood —1231.68 —-107.83

Note: ¥** ** *indicates statistical significance at the 1%, 5%, and 10% level.

“Robust standard errors clustered at the farmer level.

Generalised linear regression model for binomial response data.

“Fractional probit model.

results presented in Table 5 provide insights regarding the influence of farmer and farm's char-
acteristics on cooperation.

First, young farmers cooperate more than old farmers. In Table 5, the coefficient of

age is negative and statistically significant across treatments (p < 5%). Previous research
provides mixed results on this. While Peth et al. (2018) find that farmers' compliance with
water protection rules in Germany increases with age, Valdivia and Poulos (2009) show that
older farmers in Missouri are less willing to adopt riparian buffer zones. Rommel, Schulze,
et al. (2022) do not find any significant effect of farmers' age on their collective engagement

in Germany.
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TABLE 7 Farmers' behavioural factors.

Sample Threshold uncertainty group Impact uncertainty group

Average

o 0.53 0.56 0.50

a 0.67 0.63 0.73

A 3.39 2.88 3.95
% farmers

Risk averse: o < 1 93% 93% 93%

Inverted S-shaped: a < 1 86% 93% 78%

Loss averse: 4 > 1 67% 64% 2%
t-test: H, p-value t-test: H p-value
o<1 0.00 cy=0p 0.41
a<1 0.00 a, =ag 0.17
A>1 0.00 Ay=Ag 0.16

Second, farmers with a farm successor committed fewer parcels and less land than farm-
ers without a successor; the coefficients of farm successor are negative and statistically
significant (p < 5%) in 3 out of 4 cases. Although sustainable farming is linked to long-term
goals that require continuity of action and thus an intergenerational approach (Duesberg
et al., 2017), studies have indicated that multigenerational farm businesses (i.e. farms man-
aged by later generations) tend to be less innovative indicating that the adoption of environ-
mental practices may decrease as the number of successions increases (Block, 2012;
Suess-Reyes & Fuetsch, 2016).'¢

5.3 | Accounting for risk preferences, probability weighting, and loss aversion

Risk preference (¢), probability weighting (), and loss aversion (1) parameters elicited using
Tanaka et al. (2010) was used as additional controls in our regression models. We employed the
mid-point method to retrieve 6, a, and A. This method requires that a participant switches only
once for each row of Tanaka et al. (2010) multi-price list. Thus, we dropped 12 observations
from the threshold uncertainty group and 17 from the impact uncertainty group due to multi-
ple switchers. This reduced the sample size to 176 observations for the threshold uncertainty
group and to 156 for the impact uncertainty group.”

Table 7 shows that, on average, farmers are risk averse (¢ = 0.53), weigh probability ac-
cording to an inverse S-shaped probability weighting function (¢ = 0.67), and are loss averse
(4=3.39). These values are consistent with existing empirical evidence (e.g. Bocquého
et al., 2014; Bonjean, 2022; Cerroni, 2020; Finger et al., 2023; Rommel, Schulze, et al., 2022).

19To test the robustness of our results, we also estimated other model specifications. First, we estimated a continuous regression
model for left and right censored data (Model 3) to analyse the amount of enrolled land. Results are presented in Appendix S2.5.
Second, we estimated models where a constant is included in the extended Models 1 and 2 and the full uncertainty level is used as
reference to measure the impact on cooperation of other levels of uncertainty. Results are presented in Appendix S2.6.
"Appendix $2.7 provides the details of the method employed to retrieve o, a, and 4. To test the robustness of our findings, we
estimated basic and extended specifications of Models 1 and 2 using the same sub-sample of respondents used in the analyses
regarding the impact of behavioural factors on cooperation. Results are presented in Tables B.7.1 and B.7.2 in Appendix S2.7, and
they do not diverge from those reported in Tables 4 and 5 suggesting that our results are robust. In addition, we acknowledge the
possibility of using alternative methods that allos retrieving o, @, and A in presence of multiple switchers. A noticeable example is
provided in Rommel, Sagebiel, et al. (2022).
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A series of two-sided t-tests indicate there are no significant differences between elicited be-
havioural factors in the threshold and impact treatment groups (Table 7).

Table 8 reports the regression results obtained after including the elicited behavioural fac-
tors in the extended regression models presented in Section 5.2. More specifically, the categor-
ical variable risk averse indicates risk-averse farmers (¢ < 1), the categorical variable inverted

TABLE 8 Regression results from the estimation of models including categorical behavioural factors®.

Parcels” (model 1) Land® (model 2)
Standard Standard

Treatment group Round Coefficient error Coefficient error

Threshold uncertainty 1: Full uncertainty 3.42%%* 1.20 1.81%** 0.68
2: High uncertainty 377 1.22 2.07*** 0.69
3: Low uncertainty 3.82%** 1.22 2.13%** 0.69
4: No uncertainty 3.90%** 1.22 2.19%** 0.69
Female —-0.20 0.39 —-0.04 0.27
Age —0.03%* 0.01 —0.02%* 0.01
Env. attitude 0.36 0.27 0.18 0.18
Dairy farm -0.31 0.28 -0.24 0.17
Lowland farm -0.32 0.25 —-0.03 0.16
Farm size (acres) 0.00 0.00 0.00 0.00
AES membership 0.50* 0.26 0.22 0.17
Farm successor -0.37 0.29 —-0.05 0.19
Risk averse -0.88 0.87 —-0.30 0.57
Inverted S-shaped —-0.37 0.37 —-0.40 0.25
Loss averse —-0.31 0.30 —0.39%* 0.19
Observations 176 176
Log-likelihood —955.91 —81.24

Impact uncertainty 1: Full uncertainty 1.43* 0.82 0.76 0.55
2: High uncertainty 1.68** 0.80 0.93* 0.53
3: Low uncertainty 1.73%* 0.80 1.04** 0.54
4: No uncertainty 1.99%* 0.81 1.21%* 0.54
Female -0.61 0.49 -0.37 0.32
Age —-0.02 0.01 —0.02%* 0.01
Env. attitude 0.08 0.31 -0.15 0.20
Dairy farm —-0.06 0.33 -0.20 0.21
Lowland farm 0.15 0.30 0.16 0.20
Farm size (acres) 0.00 0.00 0.00 0.00
AES membership 0.47* 0.29 0.46%* 0.21
Farm successor —0.65%* 0.26 -0.28 0.19
Farm successor 0.12 0.28 0.00 0.31
Risk averse 0.21 0.35 0.25 0.24
Inverted S-shaped —-0.11 0.32 —-0.02 0.20
Observations 156 156
Log-likelihood —-786.71 —=70.99

Note: *** ** * indicates statistical significance at the 1%, 5%, and 10% level.

“Robust standard errors clustered at the farmer level.

Generalised linear regression model for binomial response data.

“Fractional probit model.
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s-shaped indicates farmers who overweight small probability gains and underweight high
probability gains (i.e. probabilistically risk-averse farmers) (a« < 1), and the categorical variable
loss aversion indicates loss-averse farmers (4 > 1). Table 7 indicates that 93% of our sample is
risk averse (o < 1), 86% behaves according to an inverse S-shaped probability weighting func-
tion (a < 1), and 67% is loss averse (4 > 1).

Overall, Table 8 indicates that farmers' risk preferences and probability weighting do not
influence cooperation, while loss aversion has a weak impact on cooperation; specifically,
loss-averse farmers are less likely to cooperate than others. The impact of loss aversion is
only significant when cooperation is measured in terms of amount of land enrolled in the
AES (not number of parcels) and under threshold uncertainty (not impact uncertainty)
(p £5%). While the impact of probability weighting and loss aversion on cooperation in
public good games under uncertainty has not been investigated before, previous research
has shown that risk aversion has no or little influence on economic agents' degree of coop-
eration in this type of game (e.g. Barrett & Dannenberg, 2012; Schuch et al., 2021). The im-
pact of including these behavioural factors in our models does not overturn the results from
pairwise comparison conducted to test the impact of variations in the degree and type of
uncertainty on cooperation.'™!? Given the small sample sizes, we acknowledge the possibil-
ity of false negative (Type II error), and hence, we recommend caution in the interpretation
of the results.*”

We acknowledge that our experiment implies multiple hypotheses testing. To this end,
a standard Bonferroni correction to control for family-wise error rates was performed.
Results are available in Appendix S2.10 and confirm that caution should be used when as-
sessing changes in farmers' cooperation in response to intermediate reductions in the level
of uncertainty.

6 | CONCLUSIONS

The impact that livestock farming can have on biodiversity, land regeneration, and air and
water quality has recently captured the attention of academics, policymakers, and the general
public (e.g. Hooda et al., 2000; Nguyen et al., 2022). Cooperation amongst livestock farmers
is often pivotal to reduce the negative externalities generated by farming activity on natu-
ral resources and hence comply with increasingly stringent environmental regulations (e.g.
DAERA, 2023; DEFRA, 2023; European Commission, 2023b).

This paper focuses on the impact that phosphorous and nitrogen run-off can have on the
water quality of a lake and the ability of farmers to cooperate to avoid catastrophic conse-
quences due to an irreversible deterioration of water quality. Farmers' cooperation can be
hindered by many drivers. Amongst others, there is uncertainty around the minimum water
quality standard that should be guaranteed to avoid catastrophic consequences (i.e. threshold

8To test the robustness of our results, we also estimated models with behavioural factors included as continuous variables. Results
presented in Appendix S2.8 show that the impact of behavioural factors on decision making is consistent regardless of whether
these are modelled as continuous or discrete variables.

PIn Appendix $2.9, we present results from the estimation of extended models that allow the investigation of the influence of
behavioural factors on decision making differentiated by level of uncertainty. We thank an anonymous Referee for the advice.

A power analysis was conducted and reported in Appendix S2.11. Specifically, Figure B.11.1 plots the power curves given a range
of sample sizes for the two-sided test (5% statistical significance) on the difference in the number of parcels submitted by a farmer
between two uncertainty rounds. For a sample size of 50 farmers per treatment group, the power of the test is above the
conventional levels (0.80) in all cases apart from when the difference in the level of uncertainty between rounds is limited,
specifically ‘High uncertainty — No uncertainty’ for the threshold treatment group and ‘Full uncertainty — High uncertainty’ for
the impact treatment group. Similar observations can be drawn from Figure B.11.2 which plots the minimum detectable difference
(5% statistical significance) in the number of parcels submitted by a farmer in two uncertainty rounds (80% statistical power).
Overall, this suggests that caution should be adopted in interpreting the results across intermediate levels of uncertainty.
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uncertainty) and the uncertainty regarding the long-term economic losses that such cata-
strophic consequences imply (i.e. impact uncertainty) (e.g. Graveline et al., 2012; Nicholson
et al., 2020).

In this paper, we conduct a contextualised lab-in-the field experiment with 140 livestock
farmers in Northern Ireland to disentangle the influence that different sources of uncertainty
and different degrees of uncertainty have on farmers' ability to cooperate. Two sources of
uncertainty are considered: threshold and impact uncertainty. Four levels of uncertainty are
examined: full, high, low, and no uncertainty. Farmers are split into two treatment groups,
one for each source of uncertainty. Farmers in each group are exposed to the four levels of un-
certainty. All farmers are asked to play a farm business game which consists of a local public
good game that is framed as a farmer's decision to participate in an AES promoting the use
of ungrazed buffer zones (EFS — WO). Farmers' risk preferences, probability weighting, and
loss aversion are elicited using Tanaka et al. (2010). All tasks are incentive compatible and
incentivised.

Results indicated that uncertainty limits farmers' cooperation to avoid the irreversible de-
terioration of water quality. This is not far from reality: AESs operate on a voluntary basis,
and a limited number of participants usually enrol to these schemes (e.g. Kuhfuss et al., 2019).
To date, farmers committed 0.2% of their total farmland to the current AES in place in NI
(EFS — WO) (DAERA, 2022a). However, our results suggest that reducing uncertainty about
the level of cooperation required to avoid catastrophic consequences (i.e. threshold uncer-
tainty) and about the magnitude of the long-term economic losses due to such catastrophic
consequences (i.e. impact uncertainty) facilitates cooperation amongst farmers. Interestingly,
farmers respond differently when exposed to different sources of uncertainty. Farmers' coop-
eration is more sensitive to reductions in impact uncertainty than those related to threshold
uncertainty. If threshold uncertainty is interpreted as the probability that catastrophic con-
sequences will occur, this result becomes consistent with a stream of the literature suggesting
that economic agents, including farmers, can be rather insensitive to probability variations
(e.g. Cop et al., 2023; Robinson & Botzen, 2019). Findings related to variations in the level of
farmers' cooperation between intermediate levels of threshold and impact uncertainty should
be treated with caution. The size of our sample may not be sufficient to detect differences in
cooperation across intermediate levels of uncertainty, thus generating type II errors. Our re-
sults also suggest that behavioural factors such as risk aversion, probability weighting, and loss
aversion have little impact on farmers' cooperation.

These findings highlight the need for action. A mix of policy interventions could be
implemented to facilitate farmers' cooperation. The lever that is generally used to promote
farmers' participation in AES is subsidisation. For example, compensation for costs incurred
and income forgone to comply with the actions required by the AES was the financial lever
used in the CAP 2014-2020 (Dupraz & Guyomard, 2019). The latest CAP reform 2023-2027
has introduced the so-called eco-schemes that have a more incentivising premise, with com-
pensation higher than the cost incurred and foregone income (DEFRA, 2023; European
Commission, 2023¢c). An example of a financial lever could be the introduction of group
bonus (an extra financial reward for farmers) when a given cooperation goal is reached (i.e.
amount of land enrolled). Our business game introduces the presence of such an instrument
and results appear to be encouraging. If the current level of total farmland committed to
the EFS — WO is currently 0.2%, our results show that our farmers enrolled more than 1% of
their total farmland in our business game under full uncertainty. Full uncertainty is the sce-
nario that more closely resembles the current (awareness/knowledge) environment in which
NI farmers make their decisions to join the EFS — WO. While these results are consistent
with previous empirical evidence showing that the use of group bonus can promote farmers'
commitment to preserving common pool resources (e.g. Kuhfuss et al., 2019), they should
be treated with caution as farmers' behaviour in an experimental setting can deviate from
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their behaviour in real life due to many biases (e.g. experimenter demand effect). Another
financial lever could be increasing the cost of uncooperative behaviours with respect to the
gains from free riding including making cooperation compulsory in case of urgent action.
However, punishing interventions are less likely to be proposed and implemented especially
when these could lower the competitiveness of farming in more marginal rural areas and
further exacerbate inequalities.

The results also highlight that information-based interventions must be part of the policy
mix. Policymakers and involved stakeholders should pay particular attention to communica-
tion of uncertainty associated with environmental outcomes to farmers. First, farmers should be
instructed about one of the key principles of the environmental protection legislation, the pre-
cautionary principle. Farmers should be aware that scientific uncertainty regarding the negative
externalities produced by agriculture on natural resources should not prevent them from taking
more responsibility. In addition, it is pivotal that communication and educational campaigns
use methods and approaches that make farmers more conscious about the possibility that their
actions could generate long-term farm income losses. Marx et al. (2007) indicated that, in the
case of climate change, individuals process information not just analytically, but also through an
experiential processing system. Translation of scientific information into concrete experience can
facilitate understanding of both probabilities and the consequences of their incremental changes.
Sharing experiences in group discussions can be beneficial to boost environmental awareness.
From this point of view, peer-to-peer discussion groups designed to involve farmers from a spe-
cific site such as a lake and other aquatic sites could help to understand different sources of un-
certainty and promote their cooperation (Burton & Paragahawewa, 2011; Speelman et al., 2014).
These initiatives can help overcoming educational barriers that hinder long-term behavioural
change (Angioloni et al., 2023). Future research could test whether these approaches are efficient
in promoting farmers' cooperation in the light of scientific uncertainty.
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