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Appendix 1 
The purpose of this model was to assess forest management effects on acorn dispersal by mice. In 

particular, we evaluated if acorn dispersal patterns in managed oak woodlands are the result of 

management effects on key environmental factors for mouse foraging decisions. 

 

1.1. Process overview and scheduling 
In our model two subsequent processes occur, forest management changes local environmental 

conditions and mice adapt their behavior accordingly. Our model assumes that acorn production by 

individual trees is negatively related to tree-to-tree competition. Regarding local mouse abundance, 

in forest interiors it depends on stem density and shrub cover. In fragmented landscapes it also 

depends on forest habitat availability. 

Once the landscape is created the dispersal process begins. During the first meters, mouse 

foraging decisions are driven by intraspecific competition for acorns. As competition increases mice 

tend to mobilize seeds further. Once the competition area has been surpassed, mouse decisions 

depend on the amount of predation risks perceived during mobilization. Our model assumes that 

open land microhabitats represent areas of high risk exposure for rodents. When a risk perception 

threshold is exceeded mice stop mobilizing the carried acorn. Depending on the effort invested 

during acorn mobilization and the risk of cache pilfering by conspecifics mice decide whether to 

predate it or store it for winter consumption. Once carried acorns have been deposited, mice move 

to the source tree and the whole dispersal process restarts. Model run finishes when all acorns 

within the study area are dispersed. 

 

1.2. Design concepts 
Basic principles 

The model assumes that two factors modulates mouse foraging decisions – 1) intraspecific 

competition for acorns (defined as the ratio between local mouse abundance and acorn crop) and 2) 

the presence of shelter, which conditions mouse perception of predation risks while mobilizing 



seeds. Forest management effects on acorn dispersal quality are mediated by its net effects on these 

two factors. 

 

Entities and scales 

This ABM comprises five different entities: landscape, trees, shrubs, acorns and mice. The 

landscape consists of a two-dimensional grid with a cell size of 1 m. It has an area of 5.76 ha, 1 ha 

in the center corresponding to the study area and a buffer around it of 70 m width. 

 

Emergence 

Landscape permeability to mouse movements emerges from the amount of open land cover present 

across it. Local intraspecific competition for acorns emerges from the ratio between local mouse 

abundance and crop production of individual oaks. Seed dispersal patterns result from mouse 

foraging decisions. 

 

Adaptation 

Individual trees change their acorn production depending on tree-to-tree competition. Mice alter 

their behavior according to the implemented decision process. 

 

Objective 

The main objective of mice is to store acorns in order to consume them along winter. For this 

purpose they mobilize seeds outside areas where the probability of cache pilfering by conspecifics 

is high but taking an acceptable amount of predation risks during acorn mobilization. 

 

Sensing 

Mice are able to detect acorn production within their home range as well as the number of potential 

competitors within it. Besides they are able to detect the level of predation risk they are incurring 

while mobilizing acorns. 

 

Stochasticity 

Shrubs location on the landscape is a purely stochastic process. Stems and mice location is a semi-

stochastic process.  

 

Observation 

Within the model, acorn mobilization distances as well as their final state (cache versus predated) 

are recorded (main model output).  



 

1.3. Initialization 
Our model needs three input data: proportion of forest habitat loss within the landscape, number of 

stems per hectare and proportion of shrubs in the understory cover. 

 

1.4. Submodels 
1.4.1. Landscape management effects on local environment  

Acorn production - Holm oak acorn production is negatively affected by local intraspecific 

competition for water sources (Carevic et al. 2010, Moreno and Cubera 2008). In our model, acorn 

production of individual trees depends on the maximum crop production of the year and the 

proportion of canopy cover of neighbors within a buffer of 20 m. This approach allows therefore in 

principle inter-annual variability on acorn production which is a natural process in holm oaks 

(Koenig et al. 2013). 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 = �
1                                                                                 𝑝𝑝𝑖𝑖 𝐴𝐴𝑐𝑐𝐴𝐴𝐴𝐴𝑝𝑝𝑐𝑐 𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴 < 0.25

(1.74− 2.84 × 𝐶𝐶𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴) × 𝑀𝑀𝑐𝑐𝑀𝑀𝑝𝑝𝑀𝑀𝑝𝑝𝑀𝑀 𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴       𝑝𝑝𝑖𝑖 𝐴𝐴𝑐𝑐𝐴𝐴𝐴𝐴𝑝𝑝𝑐𝑐 𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴 ≥ 0.25 𝑐𝑐𝐴𝐴𝑝𝑝 ≤ 0.6
0.1                                                                                𝑝𝑝𝑖𝑖 𝐴𝐴𝑐𝑐𝐴𝐴𝐴𝐴𝑝𝑝𝑐𝑐 𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴 > 0.6

    (1) 

Acorn production is represented as a semi-quantitative measure that ranges from 0 to 24 (Koenig et 

al. 2013, Morán-López et al. 2015). Intercept and slope parameters were estimated empirically with 

data from a monitoring program (2011–2013) of acorn production in two fragmented landscapes 

(Morán-López unpubl.). Finally, in simulations presented in this paper maximum acorn production 

is fixed to 10 which is the average of maximum acorn production of eighteen plots monitored from 

2011 to 2013 (180 trees; Teresa Morán López, Alicia Forner Sales and Dulce Flores Rentería 

unpubl.). 

 

Mouse abundance - In forest habitats mouse density depends on the proportion of canopy and shrub 

cover (Muñoz et al. 2009, Malo et al. 2013):  

𝑀𝑀𝑝𝑝𝐴𝐴𝑐𝑐 𝑝𝑝𝑐𝑐𝐴𝐴 ℎ𝑐𝑐𝐴𝐴𝑝𝑝𝑐𝑐𝐴𝐴𝑐𝑐 = 𝑀𝑀𝑐𝑐𝑀𝑀𝑝𝑝𝑀𝑀𝑝𝑝𝑀𝑀 
(1 + 𝑐𝑐

−((𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠)−𝑐𝑐)
𝑟𝑟�

�      (2) 

In our simulations “maximum” represents the carrying capacity of the system which is fixed to 10 

mice per ha (average vales between November and January in Mediterranean areas, Rosario and 

Mathias 2004). Parameters a and b were estimated empirically with field data and fixed to 0.16 and 

0.07 respectively.  

Home range radiuses are fixed to 70 m (Rosalino et al. 2011). However, core areas of home 

ranges can shrink when mouse densities area high (Godsall et al. 2004) and they overlap more as 

habitat availability decreases (Tattersall et al. 2001) 

 



𝐶𝐶𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐. 𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐 𝐴𝐴𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑟𝑟 = �
(𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐

𝑀𝑀𝑝𝑝𝐴𝐴𝑐𝑐)�
𝜋𝜋
�    (3.1) 

𝑅𝑅𝑐𝑐𝑟𝑟𝑝𝑝𝐴𝐴𝑝𝑝𝐴𝐴𝑝𝑝𝑐𝑐𝑝𝑝 𝐴𝐴𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑟𝑟 = 𝐶𝐶𝐴𝐴𝐴𝐴𝑐𝑐. 𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐  𝐴𝐴𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑟𝑟 × [(𝐻𝐻𝑐𝑐𝐻𝐻𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑎𝑎𝑐𝑐𝐻𝐻𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑐𝑐 × 0.8) + 0.1]         (3.2) 

In Eq.3.1 ‘Mice’ is number of mice in the landscape (mice per hectare × 5.76, eq.2) and ‘Area’ is 

the area of the landscape (5.76 × 104). The center of home range radiuses of mice is placed in their 

warrens. To avoid unrealistic home-range overlaps, once a warren is created other warrens cannot 

be located in patches within a restricted area (Eq. 3.2). In Eq. 3.2., habitat availability represents the 

proportion of forest habitat in the landscape. In forest interiors, where habitat availability is 1, 

maximum overlap of core areas is 10% (Rosalino et al. 2011). In small forest fragments (<0.1 ha) 

maximum core-areas overlap is about 90%, values comparable to those found in literature (small 

woodlots after harvest, Tattersall et al. 2001) and reproduces values of mouse abundance similar to 

those found in small fragments of the study areas (Morán-López et al. 2015). Finally, mice do not 

place their warrens in open microhabitats. Therefore when fragmentation occurs, mice warrens 

concentrate in small woodlots and edge areas where mice density is higher (Ylonen et al. 1991, 

García et al. 1998). 

 

1.4.2. Mouse foraging decisions 

Mouse foraging decisions occur through three consecutive steps. During the first meters of acorn 

mobilization mouse decisions are governed by intraspecific competition for acorns. Afterwards, 

mobilization continues until risk perception exceeds a certain threshold. Finally when acorns are 

deposited, the decision between predation and seed caching depends on the risk of cache pilferage 

by conspecifics and the effort invested in seed mobilization (Fig. 2B). 

Predation in situ when mice handle an acorn they predate it in situ with a probability of 0.25 (value 

directly parameterized with field data). No effects of intraspecific competition or shelter availability 

in “predation in situ” are included in the model because such effects were not observed in the field. 

Mouse movement - Mice move following a correlated random walk (Benhamou 1990). The 

direction (grid) of the first movement is chosen randomly, in the following steps the direction is 

chosen favoring moves toward grid cells located in line with the previously performed move (Fig. 

A1).  



 
Fig. A1 Probability partition for the correlated random walk for (a) the first step of acorn 

mobilization and (b) all following steps. The middle cell represents the current position; the arrow 

indicates the direction of the last move and numbers correspond to the probability of moving. 

 

Intraspecific competition for acorns - The importance of intraspecific competition on seed dispersal 

depends on two parameters, the competition area radius and the probability to stop moving (within 

the competition area). The competition area radius defines the area in which mouse foraging 

decisions are driven by intraspecific competition for acorns. Our model assumes some flexibility in 

the competition area. When inhabiting forest fragments mice are able to use harvested croplands (to 

a certain extent) despite of their increased predation risks (Tattersall et al. 2001). Therefore, in our 

model each mouse calculates its competition area radius depending on the amount of cropland 

within its home range. This way, unrealistic sharp barriers for acorn dispersal in croplands are 

avoided.  

𝐶𝐶𝐴𝐴𝑀𝑀𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐 𝐴𝐴𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑟𝑟 =  𝐶𝐶𝑅𝑅 + 𝐶𝐶𝑅𝑅 × (𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴𝐴𝐴 𝐴𝐴𝑖𝑖 𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑎𝑎𝑐𝑐𝐴𝐴𝑝𝑝 𝑤𝑤𝑝𝑝𝑝𝑝ℎ𝑝𝑝𝐴𝐴 𝑝𝑝ℎ𝑐𝑐 ℎ𝐴𝐴𝑀𝑀𝑐𝑐. 𝐴𝐴𝑐𝑐𝐴𝐴𝑟𝑟𝑐𝑐)  (4) 

The parameter CR was determined with pattern-oriented modeling (see 2.3; Material and methods).   

Within the competition area mouse decide in each movement step whether to stop moving or not. 

The probability to stop moving depends on the variable competition for acorns (defined as the ratio 

between potential competitors and acorn production within home-ranges) and is scaled by the 

weight-ratio that represents the ratio between the average weight of acorns and the average weight 

of mice: 

𝑀𝑀𝐴𝐴𝑝𝑝𝑟𝑟𝑐𝑐 𝑝𝑝𝐴𝐴𝐴𝐴𝐻𝐻𝑐𝑐𝐻𝐻𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑐𝑐 𝑝𝑝𝐴𝐴 𝑟𝑟𝑝𝑝𝐴𝐴𝑝𝑝 = 𝑃𝑃𝑃𝑃 × 𝑐𝑐−𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡.𝑟𝑟𝑐𝑐𝑡𝑡𝑊𝑊𝑐𝑐 × 𝐶𝐶𝑐𝑐𝐶𝐶𝑐𝑐𝑊𝑊𝑡𝑡𝑊𝑊𝑡𝑡𝑊𝑊𝑐𝑐𝑐𝑐         (5) 

In our case the weight-ratio is fixed to 0.1 in Apodemus sylvaticus (on the basis of field data; 

(Morán-López et al. 2015). The parameter PS was determined using pattern-oriented modeling (see 

2.3; Material and methods). In the extreme cases in which no competitors are found within the 

home range the probability to stop is fixed to 0.6 to ensure that all acorns are dispersed within the 

core-are of mouse home-ranges. Note that the probability to stop does not change with the distance 

travelled because it depends on the intraspecific competition within the home-range. However, the 

probability that a mouse moves i steps decreases with the number i-1 of movements previously 

done: 



𝑃𝑃𝐴𝐴𝐴𝐴𝐻𝐻(𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴ℎ𝑝𝑝𝐴𝐴𝑟𝑟)𝑝𝑝 =  (1 − prob. stop)𝑊𝑊−1 × (prob. stop)        (6) 

Risk threshold - Once acorns have been mobilized beyond the competition area, risk perception by 

mice determines the dispersal process. If mice move through risky microhabitats (open land) for 

more than NR consecutive movement steps they stop mobilizing the seed. NR was parameterized 

through pattern-oriented modeling (see 2.3; Material and methods). 

Hoarding vs predation - When mice stop mobilizing the seed (either due to low intraspecific 

competition for acorns or to too high predation risks perceived) they move it to nearby shrubs or 

tree canopies with probability of 0.7 (estimated from field data). If the microhabitat of all neighbor 

patches is open land mice just drop the acorn. With this rule we avoid that all dispersed acorns are 

deposited on open land patches and favor mouse activity in safe microhabitats (Pons and Pausas 

2007, Gómez et al. 2008, Perea et al. 2011). At the end of the dispersal process mice can eat or 

cache the mobilized acorn. Our model assumes that this decision depends on the risk of cache 

pilferage by conspecifics and the distance travelled. This decision is made in three consecutive steps 

(Fig. 2B). Firstly mice evaluate if they are in an area of high mouse abundance or not (forest edges 

vs. forest interiors; García et al. 1998). If they are in forest interiors and acorns have been mobilized 

beyond the canopy of the source tree the probability of caching an acorn depends on the distance 

travelled through a saturation curve. 

𝑃𝑃𝐴𝐴𝐴𝐴𝐻𝐻𝑐𝑐𝐻𝐻𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑐𝑐 𝐴𝐴𝑖𝑖 𝐴𝐴𝑐𝑐𝐴𝐴ℎ𝑝𝑝𝐴𝐴𝑟𝑟 = 𝐶𝐶1 × �1 − 𝑐𝑐(−𝐶𝐶2×𝑑𝑑𝑊𝑊𝑠𝑠𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑊𝑊)�     (7) 

In Eq.7 the parameters C1 and C2 represent the maximum and the slope of the curve, respectively. 

Both parameters were calibrated through pattern-oriented modeling (see 2.3; Material and 

methods). This equation reflects that higher dispersal distances enhance caching rates (Morán-

López et al. 2015). 

If mice are located in areas of high mouse abundance (forest edges, defined by the edge-belt 

width, EW parameter), our model assumes that acorns mobilized under shrubs or canopies are 

predated since these microhabitats present high mouse activity  which in forest edges leads to an 

unacceptable risk of cache pilferage (Gomez 2004, Munoz and Bonal 2011). This model rule 

captures the observation that despite that many mobilization events end up under shrubs or tree 

canopies, the probability of acorn caching is much higher in open land microhabitats (Morán-López 

et al. 2015, Perea et al. 2011). If acorns are deposited on open land microhabitats then the 

probability of caching depends on distance (Eq. 7). The parameter edge-belt width (EW) was 

calibrated through pattern-oriented modeling (see 2.3; Material and methods). 
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Appendix 2 
 

The Appendix is found as a separate file: Appendix 2.txt 



Appendix 3 

 

Figure A3.1. Mouse foraging decision effects on the shape parameter of the 
gamma distribution fitted to acorn mobilization distances. (A) CR: competition 
radius (Appendix 1.2, Eq.4 ); PS: parameter of probability to stop function 
(Appendix 1.2, Eq. 5), NR: risk-treshold giving the maximal number of 
consecutive movement steps in the risky open land, C1: maximum caching rates 
with distance, C2: effects of distance on the probability of acorn caching 
(Appendix 1.2, Eq.7). Circles represent mean values of the global sensitivity 
analysis. 
  



 

Figure A3.2. Mouse foraging decision effects on the rate parameter of the 
gamma distribution fitted to mobilization distances. (A) CR: competition radius 
(Appendix 1.2, Eq.4 ); PS: parameter of probability to stop function (Appendix 
1.2, Eq. 5) , NR: risk-treshold giving the maximal number of consecutive 
movement steps in the risky open land, C1: maximum caching rates with 
distance, C2: effects of distance on the probability of acorn caching (Appendix 
1.2, Eq.7). Circles represent mean values of the global sensitivity analysis. 
  



 

Figure A3.3. Mouse foraging decision effects on maximum mobilization 
distances. (A) CR: competition radius (Appendix 1.2, >Eq.4); PS: parameter of 
probability to stop function (Appendix 1.2, Eq. 5), NR: risk-treshold giving the 
maximal number of consecutive movement steps in the risky open land, C1: 
maximum caching rates with distance, C2: effects of distance on the probability 
of acorn caching (Appendix 1.2, Eq.7). Circles represent mean values of the 
global sensitivity analysis. 
  



 

Figure A3.4. Mouse foraging decision effects on caching rates. (A) CR: 
competition radius (Appendix 1.2, Eq.4); PS: parameter of probability to stop 
function (Appendix 1.2, Eq. 5), NR: risk-treshold giving the maximal number of 
consecutive movement steps in the risky open land, C1: maximum caching rates 
with distance, C2: effects of distance on the probability of acorn caching 
(Appendix 1.2, Eq.7). Circles represent mean values of the global sensitivity 
analysis. 
  



 

Figure A3.5. Landscape traits effects on the shape parameter of the gamma 
distribution fitted to mobilization distances. Landscape parameters: (A) forest 
habitat loss (proportion), (B) shrub cover (proportion) and (C) stems per ha. 
Circles represent mean values of the global sensitivity analysis. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A3.6. Landscape traits effects on the rate parameter of the gamma 
distribution fitted to mobilization distances. Landscape parameters: (A) forest 
habitat loss (proportion), (B) shrub cover (proportion) and (C) stems per ha. 
Circles represent mean values of the global sensitivity analysis. 
  



 

 
 
Figure A3.7. Landscape traits effects on maximum mobilization distances. 
Landscape parameters: (A) forest habitat loss (proportion), (B) shrub cover 
(proportion) and (C) stems per ha. Circles represent mean values of the global 
sensitivity analysis. 
 
  



 
Figure A3.8. Landscape traits effects on caching rates. Landscape parameters: 
(A) forest habitat loss (proportion), (B) shrub cover (proportion) and (C) stems 
per ha. Circles represent mean values of the global sensitivity analysis. 

 


