
Appendix: ODD protocol HULC model

Purpose
Finding the preconditions under which a agricultural socio-economic system will shift between a monofunctional state, producing food for the world market, and a multifunctional state, in which farmers invest in green infrastructure needed for providing the ecosystem service natural pest regulation besides (certified) food. We describe preconditions by income, green drive and social pressure. 

Entities, state variables, and scales
Entities are arable farmers, which have the state variables income (I), drive to produce sustainably or green drive (D) and drive to socially fit to neighbours or social pressure (S). There state is either conventional (CONV) or multifunctional with green infrastructure (GI). They occupy a cell at a fixed position in a grid and at each tick their state and state variables are determined, as well as the utility value they gain from their state variables. All rules that determine income by costs, yield, price and occurrence of crop pests are similar for all CONV and for all GI farmers. One time step (tick) represents 1 year. One grid cell represents a farm of 60 ha and the model landscape comprises 400 (20x20) grid cells; i.e. 24000 ha.

Process overview and scheduling
A context creator initiates all farms in the grid in such a way that they are appointed to be either CONV or GI. The context creator also determines to what extent the farmer is driven by I, D and S.
Each tick a farmer decides whether he will stay of become CONV or GI. The state with the highest expected total utility (of I, D and S) in the next tick will be chosen. Immediate state update is fixed to false, so that the model updates the states of all farms synchronously after each tick. In this way each farmer bases his decision on the same situation in the whole model area.

Design concepts
Basic principles
We use utility value as utility of the entities of I, D and S, which are added up to one total value. We simulate that CONV farms deliver one ecosystem service: food production, in this case potatoes for consumption. GI farms deliver a second ecosystem service: natural pest regulation. For this ecosystem service a cluster of farms with GI is needed. Farmers experience a higher social pressure to change to a certain type of farm (CONV or GI) as more of their neighbouring farms have this type of farm (social pressure S). We assume that farmers have a natural drive to invest in GI (green drive D). This is a characteristic of the farmer and will not change during the model runs. Income depends on the price of products, on their yield and on costs farmers have to make to obtain that yield. The price of products of CONV farms depends on market situations. The price of products of GI farms is represented as relative price compared to the price of conventional products. CONV and GI price are determined at the beginning of each run and do not change during runs. CONV farmers have only costs of chemicals to suppress pests in crops. The costs of GI farmers is set as a relative costs compared to those of conventional farmers. These costs include costs of construction and management of green infrastructure. We assume that potato yield on GI farms is similar to that on CONV farms. However, on GI farms a pest outbreak can occur, leading to lower yield. If a pest outbreak occurs at tick x this leads to a lower remaining harvest yield in the same tick. Yield at pest outbreak is represented by the fraction of the original harvest yield without pest outbreak. 
Emergence
We state that a socio-economic system is more multifunctional as the percentage of GI farms in the area is higher. A higher percentage of GI farms leads to a higher reliability of the second ecosystem service, natural pest regulation. 
Adaptation
farmers can only adapt in one way: they can stay or become CONV or GI. They do not keep (financial or natural) stocks and cannot go bankrupt.
Objectives/prediction
The choice of a farmer to become CONV of GI is based completely on the (expected) maximum total utility of I, S and D in the coming tick, based on the physical conditions of the whole landscape of the previous tick. We have defined three different types of farmer behaviour that differ in the weight of income, social pressure and green drive. For instance, the total utility of a farmer that is focused completely on income will be based completely on income.
Learning
The choices of farmers are affected by neighbouring farms, but farmer behaviour type (relative importance of I, S and D) is not affected by the behaviour of other farmers. Also will they not learn from experiences in the past (for instance from the effects of a previous pest outbreak). 
Sensing
A farmer is aware of the behaviour (CONV or GI) of neighbouring farms within a certain neighbourhood. This neighbourhood is used to calculate social pressure and the probability of a pest outbreak, but neighbourhood size can be different for both parameters. All interaction between neighbours is indirect: farmers only know the state of the other farmers within a cluster. Farmers are not assumed to be linked by specific organizations. 
Observation 
Each simulation run comprises 25 ticks. If output data at tick 25 has not stabilized, the output at tick 25 is used for analysis. In any other case, output data is used from the tick at which output data has reached an equilibrium. As output data, we observe the percentage of GI farms in the total grid during each tick. At each tick utility values of income, social pressure and green drive of each farmer are determined and the resulting choices of farmers to switch from CONV to GI farming and vice versa. 

Initialization and input data
An artificial landscape of arable farms is initiated by a grid of farms (agents) at the beginning of model runs by the context creator. The state variables of each farm are set by a set of parameters and can be changed for each run. The size of the grid is determined by grid height and grid width. Both values are set at 20 and do not change during the runs, leading to a grid existing of 400 farms. Wrap grid borders is set to no, indicating that the grid has limited borders. Outside the border it is assumed that there are no farms and consequently no data. 
Stochasticity
The value of random seed is set at the beginning of each simulation run and determines the stochastic processes of the hulk model .
For each farmer, green drive is drawn from a normal distribution at the beginning of each run. Also the initial percentage and locations of GI farms will be randomly chosen. Also the fraction and location of (maximally three) types of farmer behaviour is randomly chosen. 
Each farmer is defined by one of three types of farmer behaviour. These farmer behaviour types differ in their drive for Income (I), for producing sustainably (green drive D) of for socially adjusting to their neighbours (social pressure S). For each farmer behaviour type a fraction of I, D and S is randomly drawn between 0 and 1, adding up to 1((I1D1S1), (I2D2S2)and (I3D3S3)). Furthermore, the percentage of grid cells that is occupied by each of the three farmer behaviour types is randomly defined between 0 and 100%, adding up to 100%. Consequently, if the fraction within a farmer and percentage of grid cells ofI, D or S is higher, respectively income, green drive or social pressure will be more affecting the decisions of the farmer(s) in question. The relative importance of income in the whole grid of 400 farms is calculated as follows:



f(I) = 	(fraction(I1)*perc(I1) + fraction(I2)*perc(I2)+ fraction(I3)*perc(I3)
	--------------------------------------------------------------------------
				    100

The importance in the whole grid of green drive (D) and social pressure (S) is calculated in a similar way. The relative importance of I, D and S is calculated as:
fI      fD          fI
---,  ---  and  ---
fD     fS          fS


Sub models
Income
Income of conventional farming (ICONV) is determined by conventional price of products (PCONV), conventional yield (YCONV), and costs of chemicals (pesticides, herbicides, etc, CCHEM). The yield, costs and price of arable products of CONV farms is set to 1. Income of farming with green infrastructure (IGI) is determined by certificate price of products (PGI), costs of design and management of GI relative to costs of conventional farming (CrelGI), yield with GI (YGI), (lower) yield if a pest occurs (YGI_pest) and the probability that such a pest occurs (prob_pest). The price of GI farms is set as proportionate to the CONV price. This relative price fluctuates between runs, but during a run prices remain constant. Also the remaining yield at GI farms during pest outbreak is constant during a run.

Iconv	= (Pconv * Yconv)/1 = 1
IGI	 = (PGI* Yconv *(1-prob pest) + PGI * YGI_pest *(prob pest))  /  CrelGI
The calculated value of Income is divided by the maximum value at all possible pest probabilities, so that values of income are always between 0 and 1.
Green drive
The drive to invest in green infrastructure of each farmer (green driveD) is drawn once from a normal distribution at the beginning of each simulation. Similar values of alpha and beta lead to a normal distribution with stronger peaks at higher values. A higher alpha/beta value results into higher skewness to the right leading to a higher probability to select farmers with a relatively high value of green drive. Low alph/beta values consequently leads to a higher probability of selecting farmers with a relatively low value of green drive. Mirror is set to yes, implying that if green drive value is x, drive towards conventional farming is 1-x.
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Social pressure
Social pressure Sis calculated for each farm at each tick and follows a logistic(s-shaped) curve versus number of neighbouring farms with GI, defined by inflection point (IPS)and steepness(steepS). The neighbourhood size nbhS(number of surrounding neighbours from which the number of GI neighbours is defined) can vary, and the inflection point is expressed as fraction of the number of neighbours. Mirror is set to yes, indicating that if social pressure value towards GI is x, social pressure towards conventional farming is 1-x.
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Pest probability
A GI farmer is assumed to invest in a network of GI on his farm in such a way that it provides natural pest regulation, by applying flower strips of minimal 3 m wide, each 200 m. at a farm of 60 ha. Parameters of pest probability will not be tested in the sensitivity analysis, but are based on literature.The probability of a pest outbreak is calculated for each farm at each tick. Pest regulation depends on the amount of green infrastructure, thus on the number of GI farms, within a range of one to several kilometers (Baveco & Bianchi 2008, Bianchi et al. 2006, Harrison et al. 2014, Steingröver et al. 2010). Therefore, we assumed that the probability of a pest outbreak decreases in a logistic curve from nearly 1 at no GI neighbours to nearly 0 with 24 other GI farms in the neighbourhood. This curve is determined by fixed parameters of steepness (steepP)of 0.5, inflection point (IPP)of 12.5 and a neighbourhood size (nbhP)of 2 (24 neighbouring farms).
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Utility value
Utility values of income, green drive and social pressure follow an identical saturation curve. Utility values are calculated for each farm at each tick. The shape of saturation curve is determined by the shape parameter (shape), varying from a linear curve to a sharp logistic curve. Total utility value is the sum of the three individual utility values. 




Input Parameter list 
	parameter
	explanation
	Range in sensitivity analysis

	simulation period
	
	number of ticks per simulation.
	25 ticks, or number of ticks needed to reach equilibrium.

	type of farmer behaviour
	fraction of I farmers fIwithin farmer behaviour types 1-3 
	fractions of I, D and S within one farmer behaviour type add up to 1
	0-1

	
	fraction of D farmers fD within farmer behaviour types 1-3
	fractions of I, D and S within one farmer behaviour type add up to 1
	0-1

	
	fraction of S farmers fS within farmer behaviour types 1-3
	fractions of I, D and S within one farmer behaviour type add up to 1
	0-1

	
	percentage of farmer behaviour types 1 – 3 within grid
	percentages of farmer behaviour types 1-3 add up to 100
	0-100%

	random seed
	
	determines stochastic processes in HULC, each parameter setting (set of 15 runs) has an unique random seed
	1-9

	grid
	grid height
	number of farm cells on the vertical axis of the model grid.
	20 

	
	grid width
	number of farm cells on the horizontal axis of the model grid.
	20

	
	wrap grid borders
	if true, grid will be repeated with the same pattern of GI and conventional farms. If false, grid has limited borders. Outside the border it is assumed that there are only conventional farmers.
	false


	immediate state update
	
	true if decision of farmer is immediately visible to other farmers, false if all farmers base their decision on the outcome of the previous tick. 
	false

	
	initial percentage of GI farms
	initial percentage is GI farms in the grid. From this value the initial number of GI farms is drawn of the total of 400 farms
	0-100 (steps of 1)




	parameters green drive (D)
	
	
	

	
	alpha green drive (alpha)
	higher values lead to stronger peak of normal distribution; 

	2-100 (steps of 1)


	
	beta green drive (beta)
	higher values alpha/beta lead to stronger skewness to the right, lower values to stronger skewness to the left
	2-100 (steps of 1)


	
	mirror green drive 
	if mirror is yes: If green drive value is x, drive towards conventional farming is 1-x. If mirror is no: drive towards conventional farming is 0
	Yes

	
	shape parameter utility curve green drive (shape)
	parameter determining shape of utility curve of utility value versus green drive value. Shape parameter is the same for income and social pressure
	1-10, steps of 1
1 results in a linear curve, 10 in a sharp increasing logistic curve

	Parameters social pressure (S)
	
	
	

	
	steepness social pressure curve (steepS)
	steepness of social pressure logistic curve. 
	0.5 – 5 (steps of 0.1)


	
	inflection point social pressure curve (IPS)
	inflection point of social pressure logistic curve as fraction of social pressure neighbourhood.
	0-1  (steps of 0.1)


	
	neighbourhood social pressure (nbhS)
	radius (number of grid cells outside selected farm grid cell) of cluster of neighbouring farmers in which the number of neighbouring GI farms is determined. 
	1-5

	
	mirror social pressure
	if mirror is yes: If social pressure value towards GI  is x, social pressure towards conventional farming is 1-x. If mirror is no: social pressure towards conventional farming is 0
	Yes

	
	shape parameter utility curve social pressure (shape)
	parameter determining shape of utility curve of utility value versus social pressure value. Shape parameter is the same for income and drive
	1-10 (steps of 1)





	Parameters income (I)
	
	
	

	
	price of CONV crop (potatoes) (PCONV)
	standard price of crops on conventional farms 
	1 (not tested) 

	
	relative price of GI crop (potatoes) (PGI)
	price of crops on green infrastructure farms, compared to price on conventional farms
	1-5 (steps of 0.1)

	
	relative costs GI farm(CrelGI)
	costs of design and management of green infrastructure on GI farms compared to costs at a conventional farm.
	0.1-5 (steps of 0.1)

	
	costs chemicals CONV farm(CCHEM)
	costs of chemicals for pest regulation on conventional farms
	1 

	
	harvest yield
(YCONV,  YGI)
	yield of arable products on a CONV or GI farm
	1

	
	harvest yield with pest(YGI_pest)
	fraction of conventional yield that remains on a GI farm if a pest occurs at tick x.
	0 – 1
(steps of 0.1)


	
	shape parameter utility curve income (shape)
	parameter determining shape of the curve of utility versus income value. Shape parameter is the same for green drive and social pressure
	1-10, steps of 1
1 results in a linear curve, 10 in a sharp increasing logistic curve

	Parameters pest occurrence
	
	
	

	
	steepness pest probability curve (steepP)
	steepness of pest probability logistic curve. 
data from literature implies that steepness is not very strong. This implies that pest prob at inflection point is still rel. high (0.5).
	0.5

ppest = 0.25 at 8 neighbours
ppest = 0.75 at 4 neighbours


	
	inflection point pest probability curve (IPP)
	inflection point of pest probability logistic curve, in a neighbourhood of 2 (24 neighbours). 
	12.5



	
	Neighbourhood pest probability curve (nbhP)
	radius (nr of grid cells outside selected farm grid cell) of cluster of neighbouring farmers in which the number of neighbouring GI farms is determined. 
	2
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