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Introduction

Water is an essential resource in most terrestrial ecosystems, influencing the distribution and 
abundance of organisms at several spatial scales (Guernier et al., 2004; Blankinship et al., 
2011; Chown and Nicolson, 2004; Gear and Schmitz, 2005; Melguizo-Ruiz et al., 2012; 
Hawkins et al., 2003). In many ecosystems water is even a limiting resource (McCluney and 
Sabo, 2009; Noy-Meir, 1974; Wolf and Walsberg, 1996), shaping primary productivity and 
favouring higher rates of litter accumulation in soils (Loustau et al., 2001). Water has an 
important role not only in typical dry ecosystems —deserts and semiarid areas— but also 
in temperate forests, such as European beech Fagus sylvatica L. forests (Verdeny-Vilalta and 
Moya-Laraño, 2014). In beech forests there is an indirect water-mediated bottom-up effect of 
primary productivity on soil productivity (Capellesso et al., 2016), which would be expressed 
as higher fungal growth rates in the litter, a process that affects decomposition indirectly via 
its effects on the food web (Lensing and Wise, 2006). 

Water is often heterogeneously distributed at the micro-scale level (micro-topography) in 
beech forests (Herbst and Dikekkruger, 2003; Jost et al., 2004; Melguizo-Ruiz et al., 2012; 
Schume et al., 2003). This is because after rainfall ceases the differential rate of soil desiccation 
produces the existence of dry patches intermingled with wet patches, which can be located 
underneath plants, in the base of rocks or under pits formed by fallen trees, as well as at the 
bottom part of the slopes where water, leaf-litter and nutrients accumulate (Famiglietti et al., 
1998; Melguizo-Ruiz et al., 2012). This spatial heterogeneity of moisture pockets may have 
important consequences for the dynamics, structure and persistence of food webs over time 
(Levins, 1968; Levins, 1969; Murdoch, 1977; Holt and Lawton, 1994; Briggs and Hoopes, 
2004; Lin et al., 2013; LeCraw et al., 2014). During the dry period, when the water pocket 
distribution is more heterogeneous, soil invertebrates are attracted to wet patches to avoid 
water loss (Verdeny-Vilalta, 2013; Verdeny-Vilalta and Moya-Laraño, 2014). This results in 
higher densities of invertebrates in these moisture pockets relative to other parts of the forest 
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(Melguizo-Ruiz et al., 2012; Verdeny-Vilalta, 2013). However, if both prey and predators are 
attracted to the same humid areas, a trade-off between desiccation risk and predation risk will 
emerge (Verdeny-Vilalta and Moya-Laraño, 2014). It is well known that larger arthropods 
can retain more water than small arthropods, either because of their lower surface/volume 
ratio or because their ability to store more water (Chown, 1993; Renault and Coray, 2004). 
Consequently, how litter organisms respond to moisture pockets could depend on their size, 
a feature that may have important consequences for the structure of food webs and the 
dynamics of the ecological systems. Fungivores and detritivores are attracted to patches not 
only with more water, but with more fungi, whereas their predators are attracted indirectly 
toward these patches when searching for them (Verdeny-Vilalta, 2013). In these patches 
predators must avoid desiccation while searching for preys. As a consequence, large predatory 
arthropods can contribute to the maintenance of leaf-litter community structure and the 
global food web stability because they can couple energy channels across space (McCann et 
al., 2005; Rooney et al., 2006). 

We can envision these systems of water pockets as multi-trophic meta-communities, i. e., 
communities linked by dispersal and trophic interactions (Haegeman and Loureau, 2014; 
Holyoak et al., 2005; Melián et al., 2015; Pillai et al., 2011; Wilson, 1992). In these meta-
communities, species may form linear food chains or be otherwise embedded in complex 
food webs composed of a large number of species, different functional groups and genetically 
variable individuals (Bohan and Woodward 2013; Tamadoni-Nezhad et al., 2013; Winemiller 
and Polis, 1996). The dynamics of these meta-communities is interesting, for example, as it 
has been demonstrated by empirically-informed simulations that the dispersal of individuals 
and the distance between resource-rich patches in heterogeneous landscapes are important 
drivers shaping local and regional richness (Melián et al., 2015). When distances among 
patches vary, species diversity tend to be highest at intermediate distances, due to the 
coupling of different search areas displayed by preys and predators. When the islands are 
adjacent to each other and the space is homogeneous, because the movement among islands 
is not constrained, the extinction of both preys and predators, and the collapse of the entire 
system, is very likely. Something similar happens when the islands are far apart, because the 
organisms cannot move among them, a feature resulting in low colonization rates, loss of 
genetic diversity, and high mortality and extinction rates from severe overgrazing and strong 
competition in preys that are not controlled from top predators (Moya-Laraño et al., 2014; 
Ruiz-Lupión et al., unpublished data). Consequently, when habitat fragmentation occurs, 
either through human activity or naturally —e. g., form spatial heterogeneity of moisture 
pockets in leaf-litter of beech forests—, the persistence of the food web at the landscape scale 
will depend on the size of patches, the distances between them and the dispersal distance 
of the species (Harrison and Taylor, 1997; Stith et al., 1996). Under these circumstances, 
the existence of micro-ecological corridors, conceived as geographical spaces that connect 
fragments of natural habitats facilitating the dispersal of species and decreasing the degree of 
isolation of the patches (Bennett, 1998), may be essential for the persistence of food webs. 

In this work, we introduce WEAVER 2.0, a Next-Generation Individual-Based Model that 
describes autonomous individual organisms in complex food webs and simulates multi-
trophic meta-community eco-evolutionary dynamics. This modelling platform considers a 
diversity of aspects that make simulations highly realistic, such as inter- and intraspecific 
variability, local interactions, complete life cycles, individual behaviours responding to 
changing environments, trait-based approaches and micro-evolution at fine spatial and 
temporal scale (Grimm et al., 2006; Grimm et al., 2017; Moya-Laraño et al 2014). The 
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aims of this paper are: a) to present an updated version of the modelling platform WEAVER 
2.0, which we have improved with several new functionalities, adding more realism to the 
simulations, and b) to show how to use this platform to design experiments «in silico» to 
explore, at the micro-scale, the effects of 1) the distances among moisture pockets; and 2) 
the effects of the presence of a micro-ecological corridor that vary in productivity on the 
ecological dynamics and persistence of a food web of beech leaf-litter (Fagus sylvatica L.), 
and the subsequent consequences for a key ecosystem process: litter decomposition. 

New features and functionalities of WEAVER 2.0

Here we mention on some of the new features of the ongoing implementation of WEAVER 
2.0, which is a comprehensive extension of WEAVER 1.0 (Moya-Laraño et al., 2014; Bilbao-
Castro et al., 2015) that still allows the exploration of individual-based eco-evolutionary 
dynamics in multi-species food web across space but now being substantially more realistic. 
This framework, links genes to ecosystems through space and provides information of 
ecological and evolutionary dynamics at the gene, individual, population and community 
levels and at different spatial scales. Back in 2017, WEAVER 1.0 was the Next-Generation 
IBM to link biodiversity to ecosystem processes that had the highest number of biological 
functionalities, and thus realism (Grimm et al., 2017). We are going to describe a few of the 
new features and functionalities implemented thus far in WEAVER 2.0.

Realistic implementation of time and space

In the current version WEAVER 2.0 time elapses in day units. However, we are currently 
working and improving a new capability that corrects all events considering any time unit 
—from seconds to years—. Here, for the sake of generality we refer to each day as time step.

Relative to space, in the previous version, WEAVER 1.0, space used cells as elementary units, 
and animals moved distances that were measured in numbers of cells, an arbitrary unit. In this 
new version, space is now absolute and realistically measured in international units and in the 
present simulations the elementary cell unit has a volume of 10 × 10 × 10 mm3. This realistic 
space setup allows ecosystem biomass and productivity to be incorporated in absolute terms 
and animals to move realistic distances in search for resources, similarly as they do in nature. 

The abiotic environmental conditions

To mimic rainfall events and micro-climate conditions, we can now include a Relative Humidity 
(RH) time series in each patch —moisture pocket or resource islands— where RH can change 
from day to day —step by step—, mimicking seasonal trends in soil RH. In addition, each patch 
has its own «hygrostat», it is similarly to a chemostat —renewal pulses of basal resources—, 
controls the strength and frequency of rainfall events. These events are mimicked through 
changes in RH in the soil and the rainfall decreases following a decay function until the next 
rainfall event. Similarly, to RH each patch has its own variable temperature, which is established 
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by means of a time series —days or steps—. By controlling the spatial autocorrelation among 
time series across patches one can control both the micro- and mesoclimatic conditions 
of the simulation and even mimic the formation of soil pockets after a rainfall even. 
Thus, spatial and temporal autocorrelation in abiotic conditions can now be introduced.

A more realistic initialization of individuals

In WEAVER 1.0, to further include realism in the simulations, we initialized the density of 
each species and instar following mass-abundance allometric constraints (Damuth, 1981; 
Reuman et al., 2009), using the equation N = 74.8M-0.75 (Schneider et al., 2012), where N is 
the number of individuals and M is fresh body mass (mg). We assumed 69 % of water body 
content, based on the mean value (68,8 %) for all species of terrestrial arthropods obtained 
by Hadley, 1994, to calculate the number of individuals of each instar and species. Note that 
this approach also assumes that water body content proportions do not change with body 
mass (e. g., perfect isometry) and thus that on average it does not affect mass-length allometric 
relationships. In WEAVER 2.0, we initialize the number of individuals for each species and 
instar based on real abundances measured in field experiments. For example, using the data 
obtained of abundance of beech soil and litter meso- and macrofauna in Ruiz-Lupión et al. 
(2019a) or Melguizo-Ruiz et al. (2020). The reasoning behind this new type of initialization 
is that N~M relationships can be emerging properties of our simulations, rather than inputs.

The food web features

Basal resources

Formerly, basal resources were the microbiota that grew in the litter, such as fungi and bacteria. 
In the present parameterization of WEAVER 2.0, however, since there are no bacterivores, 
we are not considering bacteria. Now basal resources also include litter, considered here as 
a year-to-year renewable resource, consumed only by detritivores. In WEAVER 1.0, in each 
patch, the basal resource (fungi) grew according to a conventional logistic growth function, 
and its dynamics followed an update of the algorithm in Moya-Laraño et al. (2012). Since 
this equation was used to merely model the dynamics of a single cell, and not that of the 
entire space in the simulation, and this equation generates chaotic dynamics beyond values 
near 2.7 for the intrinsic rate of increase r (May, 1974), we now use a recursive exponential 
growth model at the cell level. When fungi grow in excess of a certain carrying capacity limit 
value that we set for the cell, it expands to nearby cells as long as carrying capacity has not 
been reached in those other cells. Therefore, instead of a logistic growth curve we impose 
truncated exponential growth at the cell level.

As in other studies we define a total power for the system (Savage et al., 2004), here assumed to 
be the sum of the carrying capacities for all species of basal resources. In addition, in WEAVER 
2.0 the growth of basal resources depends not only on temperature but also on RH (figure 
1). Moreover, the simulation can consider two different scenarios of basal resource growth: 
a) «non-competing species of fungi»: within a cell growth occurs until the species carrying 
capacity is reached and therefore grows independently of what other species are doing. The 
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sum of all carrying capacities determine the total power of the cell; or b) «competing species 
of fungi»: grow according to their own biomass and temperature-water dependent growth 
rate but share a common maximum cell carrying capacity. Here, we consider the sum of the 
biomasses of all the fungus species in a cell, and the biomass of each species grows as long 
as the sum of the total biomass considering all species does not exceed the cell total power 
(i. e., the carrying capacity of the cell). Note that this new functionality will also produce 
apparent competition (sensu Holt, 1977) among fungus species, as differential grazing upon 
one fungus species will allow the non-preferred species to grow to fill the available fraction of 
the cell until the cell carrying capacity is reached, resulting in a negative correlation between 
the abundances of both species.

When fungi grow in a patch beyond saturation, mycelia colonize neighboring patches, allowing 
the amount of extra-grown fungi to fill these patches up to the values of either the species-
specific carrying capacity —non-competitive fungi— or the cell total power —competitive 
fungi— of the newly colonized patch. In addition, complete competitive exclusion among 
basal resources will never happen, because there is a threshold value of fungus biomass below 
which this fungus cannot be consumed by any of the fungivorous species nor outcompeted 
by any of the other fungus species. This enables basal resources to recover within each of the 
cells, and entails a more realistic scenario, as not all parts of the basal resources are equally 
edible —e. g., old vs fresh mycelia—.

Figure 1.  Effect of Relative Humidity (RH) on fungi growth rate and conditions for the slowly-renewable leaf-litter resource. The peaks of 
the parabolic curves correspond to the maximum growth rate (rmax) values of each species. In our simulations the total power of each cell 

(the sum of carrying capacities) is allocated 90 % to beech litter and 10 % to the 3 fungus species (i. e., 3,33 % for each). Own elaboration.
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Types of interaction between individuals

In the past version of WEAVER 1.0, the species are classified as fungivores only feeding on 
fungi (basal resources) —e. g., Acari Oribatida and Collembola species—, or as predators 
feeding on fungivorous species, which may be also cannibals and/or intraguil predators 
(IGP) in which case they would be trophic level omnivores —e. g., spiders and centipedes—. 
WEAVER 2.0 allows for a more inclusive type of omnivory, in the sense that a predator 
can now feed not only on other predators and on fungivores (prey), but also on fungi —
basal resources—. This conforms our food webs to niche model topologies. Although the 
literature is not clear on this point, we have assumed that many species of Mesostigamata and 
Prostigmata Acari should be able to feed on these two types of resources. In the simulation, 
however, fungi are the least preferred and profitable food for predators.

Selection of edible species 

Now, in WEAVER 2.0, animals have coefficients that determine their preferences for, and 
the profitability of, each prey species. Omnivores are forced to feed on fungi only when 
animal prey are not available. In addition, omnivorous species can be cannibalistic, and 
feed on other prey and fungi, even though the latter are less preferred and less profitable. 
Additionally, preferences can be now weighted by relative abundances, as consumers can 
memorize the quantity of ingested food from each species, allowing them to switch to the 
resource species that becomes more abundant —i. e., predator or consumer switching— 
(Murdoch, 1969). This should increase the persistence of the system from ongoing frequency-
dependent selection.

The searching and movement algorithm

In WEAVER 1.0, animals moved adaptively in 3D space. In addition, they remembered the 
cells visited the same day and did not revisit then. Animals explore the 27 or 9 surrounding 
cells plus the cell where the animal is currently located in a given time in 3D or 2D simulations, 
respectively. At each move, fungivores switched to cells with the lowest ratio between 
predation threat and fungus biomass; and predators behave in a similar way, they assessed 
predator threat and prey availability —both fungivores and IGP-prey— and following an 
empirical mass ratio criterion for prey that would be fit as edible:

In addition, both prey and predators could jump at a distance which was established by 
drawing a random number from a uniform distribution ranging between 2 and their «Search 
Area» trait, i. e., the maximum number of cells that the animal could visit in one day (see 
a detailed description of the traits below) when food availability within the 27 neighboring 
cells —26 surrounding cells plus the cell where the animal is currently located— was zero 
(Moya-Laraño et al., 2014).

mass Predator (mg)

mass Prey (mg)
∈  [-1.21,6.68]			   [1]	log
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In WEAVER 2.0, the distances that the animals are allowed to travel per unit of time 
are still ruled by the trait «Search Area», but this time in mm not in cells, and the total 
distance travelled is corrected accordingly depending on whether space transitions are 
realized between adjacent or diagonal cells. Animals move in 3D space and they remember 
the cells they visited not repeating the same cell during the same day (or step). At each 
move, fungivore species will move to cells with fewer predators, greater fungus biomass 
and, if the species is gregarious (i. e., Collembola species), with the highest number of 
conspecifics up to certain density threshold when they start avoiding conspecifics. This 
simulates that the animals can assess the Allee effect —i. e., a positive correlation between 
density and individual fitness— (Allee, 1931) and behave accordingly: tending to aggregate 
at low densities. At very high densities, however, competition should be a problem and 
conspecifics avoid each other. A series of coefficients determine the relative importance of 
food, predators or conspecifics in affecting the behavior of each individual. Predators behave 
in a similar way, they assess predator threat and prey availability —both fungivorous and 
IGP-prey species— as well as conspecifics, including the assesment of the amount of fungus 
biomass if they are also omnivorous. Now, instead of a simple predator-prey size ratio to 
decide who eats whom, a realistic non-linear model based on forcing a normal distribution 
of predator-prey ratios to that observed in terrestrial invertebrates (Brose et al., 2006) has 
been incorporated. This is now more realistic because large predators will refuse to feed 
on tiny preys. In addition, instead of jumps when food is scarce, WEAVER 2.0 includes 
the possibility of animals assessing cells farther away from neighboring cells at a touch 
distance. Remember that animals assess the 26 or 8 cells surrounding its cell in 3D or 2D 
simulations, respectively. Now, when food availability is zero, they expand the search to 66 
or 16 adjoining surrounding cells in 3D or 2D simulations, respectively. If food availability 
is zero again, they expand the search in concentric circles (figure 2) until they reach their 
«Search Area» trait . Note that the animal assesses these cells at a distance, without moving 
to them until a prey is located. This is an especial type of algorithm that is triggered only 
when food nearby cannot be found.

Figure 2.  New algorithm for searching in WEAVER 2.0. World have 11 × 11 × 1 cells3 dimensions, each cell measures 1000 mm3 (10 × 
10 × 10 mm3). In black, the cell where the animal is located and in gray, the cells assesed in one time step by one individual: a) circle of 8 
surrounding cells to search, following the original algorithm but with the new searching criterion including the abundance of conspecifics 

and a new function of basal resources and predator-prey ratios; b) circle of 16 contiguous cells; c) circle of 24 contiguous cells; and d) 
final circle of 32 cells —maximum «Search Area» of that particular individual—. Cells have been used for clarity, however space is now 

implemented using real units. Own elaboration.
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The moulting algorithm

In WEAVER 1.0, the moulting algorithm depended on the shape of the animals, and thus the 
decision to change to next instar was given by the mass-length allometric relationship: 

where M is the body mass in mg, L is total body length without appendages in mm, a is a 
scaling factor an b is an allometric factor. This equation was used to transform the mass 
available for moulting into the length of the animal in order to allow for growth in length 
to be governed by the fixed trait growth ratio. Since growth curves are not ruled by a single 
ratio parameter, but rather this ratio changes over time, we also included a given time as 
an alternative target for moulting. A ratio between the time elapsed in the prior instar and 
the time elapsed in the target instar was included. The ratio between the time elapsed in the 
target instar vs the time in the prior instar was established as a second rule of thumb to moult. 
However, this did not impede animals from moulting at unrealistically higher rates (Moya-
laraño et al., 2014).

A more realistic moulting algorithm is used in WEAVER 2.0, based on published species-
specific growth curves. We included the relationship between time (days) and length 
(mm) for each simulated species using our own database (Ruiz-Lupión et al., 2019b) and 
externally we adjusted a Von Bertalanffy growth curve (Bertalanffy, 1968), where each 
instar includes a double time and length target that the animal should follow to moult 
(figures 3a y b):

where t is the age at time t, k is the growth coefficient, t0  is the extrapolated time at which 
the animal would have zero length, L∞ is an asymptotic size or maximum size. After fitting 
a non-linear regression model we use the estimates of L∞, k and t0 as parameters in the 
model. However, at any given body size, higher temperature leads to greater metabolic rates 
(Gillooly et al., 2002). This effect —if uncompensated— would tend to decrease growth 
efficiency at higher temperatures. This leads to the prediction that species developing at 
higher environmental temperatures may be affected on their size at maturation. This is 
known as the Temperature Size Rule (TSR), which denotes the plastic response of body size 
to environmental temperature variation (Angilletta et al., 2003, 2004). Plastic organisms are 
capable of allowing their body size to decrease according to environmental temperature. In 
more realistic growth curves, individuals mature faster and they become adults at a smaller 
size when temperature increases. In WEAVER 2.0 at initialization we input the growth curve 
at the laboratory temperature (ºC) at which it was measured (figure 3a), and then using 
the Metabolic Theory of Ecology (MTE) and the TSR we extrapolate the curve at other 
temperatures (figure 3b). 

As in WEAVER 1.0, we used Equation 2 to transform the length of the animal into available 
energy for moulting. For WEAVER 2.0 we compiled a comprehensive database of mass-length 

M = aLb 	  			      [2]

Lt=L∞ (1-e-k(t-t0))					    [3]
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allometric relationships (Ruiz-Lupión et al., 2020). WEAVER 2.0 also includes the possibility 
for indeterminate growth; that is, individuals can remain growing after sexual maturity and 
first reproduction —e. g., as many Collembola species— (figure 3). In addition, it includes 
holometabolism or complete metamorphosis, which is a form of insect development with four 
life stages: egg, larva, pupa, and imago or adult. Holometabolism is a synapomorphic trait of 
all insects in the superorder Endopterygota. Immature stages of holometabolous insects are 
very different from the mature stage. For this, now we can include in the parameterization 
two different mass-length allometric relationships, one for larvae stages and another for the 
adult stage; and we can indicate the number of days that the individuals are in pupa stage 
during which they are not moving or feeding, and for simplicity we assume that they cannot 
be predated either.

Figure 3.  Real and simulated growth curves in dry mass (mg) of Collembola (Tomocerus minor) species implemented in WEAVER 2.0, 
with indeterminate growth. a) Growth curve at 20 ºC of temperature, and b) growth curve at 25 ºC of temperature. Black points represent 
the real growth curve as obtained in the laboratory at 20 ºC (Joosse and Veltkamp, 1970), and used to parameterize WEAVER 2.0; black 
lines represent the simulated growth curves and gray shadows delimited by black dashed lines show the area or biological limits within 

which the animal can grow from plasticiy. Own elaboration.

05246167M
Resaltado

05246167M
Resaltado
En ambos casos, pasad a línea siguiente

05246167M
Tachado
Sustituid por: Figure 3a y b 

05246167M
Tachado
Sustituid por: 3b



392

Parte 3.  Visionando el futuro a partir de nuestro pasado

The reproductive algorithm

Quantitative genetics with realistic recombination rates

In addition to multidimensional quantitative genetics with Mendelian inheritance, we 
have modified the recombination and meiosis algorithms, including now the possibility for 
recombination and segregation. In the former version of this IBM framework, mini-AKIRA 
(Moya-Laraño et al., 2012), the genetic correlations were induced from pleiotropic effects by 
including all loci that affected the same traits in arrays which were called chromosomes. This 
was unrealistic because genetic correlations occur by both pleiotropic effects of quantitative 
genes and from linkage disequilibrium (Roff, 1997), and we only considered the former. In 
linkage disequilibrium, loci that are close to each other in the chromosome tend to stay together 
for several generations (linkage), the number of which depends on their relative distance 
in the chromosome and on the recombination rate. WEAVER 2.0 mimics recombination 
more realistically. The formerly described loci vectors (Moya-Laraño et al., 2012), which 
are useful to induce the desired degrees of genetic correlations among traits, now termed 
“correlosomes” in WEAVER 1.0 (Moya-Laraño et al., 2014). In WEAVER 2.0, we have 
substantially improved the meiosis algorithm truly reflecting the effects of recombinantion, 
which were unintentionally oversimplified in the former version.

Reproductive modes

As a novelty we have included separate sexes —males and females—, and thus more realistic 
sexual reproduction in animals with two different sex roles, although no sexual dimorphism 
(e.g., in size) has been implemented so far. Also, we consider three sexual modes: a) diploidy, 
in a diploid system both males and females contribute half of their genetic material to build 
a 2n zygote; b) haplodiploidy, in haplodiploids (i. e., mites) females that do not mate make 
gametes that produce haploid males which are the result of the female meiosis; and c) asexual 
reproduction, in the mode of asexual reproduction populations are only composed of females 
which produce other diploid (2n) females identical to themselves. Future implementations 
should include intermediate forms of parthenogenesis, in which females have variable 
offspring from recombination occurring during meiosis. Asexual reproduction allows prey 
populations to grow very rapidly when the environment permits, and to highly influence food 
web dynamics. Additionally, by comparing populations identical in all parameters but in 
reproductive mode, one can study the advantages of sexual reproduction in species embedded 
in food webs.

Modularity of traits based on multidimensional quantitative genetics

In WEAVER 2.0, several changes have been made relative to the implementation of traits 
(figure 4): a) «Voracity», «Speed» and «Search Area» traits are no longer the allometric 
factor b of the allometric equations (Trait = aMb), but now they represent the scaling 
factor a; and b) the traits «Q10 Voracity», «Q10 Speed» and «Q10 Search Area» have been 
replaced by the «activation energy» (E) for «Voracity», «Speed» and «Search Area». 
In addition to the 13 traits present in WEAVER 1.0, WEAVER 2.0 includes 12 new 
traits scattered in 4 new 3-trait modules that we call «dummy» because they have the 
entire genetic machinery to work but these traits are not functional. Thus, if no further 
implementation is added the genes associated to these traits behave neutrally and are thus 
subject to genetic drift. This alone is useful to document genetic drift during simulations. 

05246167M
Tachado

05246167M
Tachado
Sustituid por comillas angulares



393

3.4.  Design and parameterization of simulated multi-trophic meta-community experiment...

Figure 4.  Modularity of traits based on multidimensional quantitative genetics. The traits are grouped into nine modulesthat are genetically 
independent of each other. Within each module the traits are correlated with each other, and the degree of correlation determines the degree 

of phenotypic integration. Own elaboration.

05246167M
Resaltado
En ambos casos, pasad a línea siguiente

05246167M
Resaltado



394

Parte 3.  Visionando el futuro a partir de nuestro pasado

However, the main purpose of these genes is that an intermediate-level programmer in 
C++ can add new functional traits without having to deal with programming the entire 
genetic machinery. In this way, we have programmed the first dummy trait to become 
death by thermal shock. When temperature increase dramatically, individuals begin to 
synthesize Heat Shock Proteins (HSP) (Ritossa, 1962), a family of proteins found in all 
living organisms, from bacteria to humans, that are produced in response to exposure to 
stressful conditions, such as extreme temperatures (Matz et al., 1995; Wu, 1995) or UV 
light (Cao et al., 1999), providing variation to death from heat shock. Everything else 
regarding genetics is very similar as in Moya-Laraño et al. (2012) and Moya-Laraño et 
al. (2014).

Working flow of WEAVER 2.0

In summary, WEAVER 2.0 has new implemented functionalities: it uses real space 
units (mm), temporal series of temperature and relative humidity, an initialization of 
individuals based on real data of abundance, syntopic basal resources with or without 
competition, new types of interactions between individuals and selection of edible species 
based on food preferences and the possibility of switching. Also, the movement, moulting 
and reproduction algorithms have gained in realism. Figure 5 shows the working diagram 
of WEAVER 2.0.

Application to empirical data for simulated experimental design.  
Description of the food web, network analysis  
and niche model networks

We used the database of growth curves (Ruiz-Lupión et al., 2019b) to select the model species 
that are more similar to the real species or genera in the beech leaf-litter food web, and then 
we parameterized and implemented them in WEAVER 2.0. Central to the functioning of this 
version continues to be mass-length allometric relationships (see above), for which we have 
performed a detailed bibliographical survey. We calculated the among species means of the 
«log(a)» and «b» for the mass-length relationships available (Ruiz-Lupión et al., 2020). The 
backtransformed means of scaling factors «log(a)» and the means of the allometric factors 
«b» are equal for juvenile and adults in ametabolous species and differs for holometabolous 
species. And finally, for the implementation of the species in the food web we used real 
abundances of meso- and mesofauna in the beech-litter soil (Moya-Laraño and Melguizo-
Ruiz, unpublished data).

Using this dataset, we built an initial leaf-litter food web of the beech forest composed of 
19 species belonging to four trophic levels (figures 6 y 7a). The fourth (top) trophic level 
is composed of 5 intraguild and cannibalistic predators: 4 large predators —a cursorial 
spider Harpactocrates sp., 2 species of chilopoda, one Geophilomorpha Geophilus sp. 
and one Lithobiomorpha Lithobius sp., and a carabid beetle Calathus sp.— with body 
length ranging between 10 and 40 mm as adults (growth curves and body size data from 
Murakami, 1958; Lewis, 1961; Andersson, 1990; Fisher and Vasconcellos-Neto, 2005), 
and a 1 medium-size predator —a pseudoscorpion Microbisium sp.— of about 1.5 mm in 
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Figure 5.  Working diagram of WEAVER 2.0. The moisture folder includes information about time series for 
temperature and relative humidity for each of the moisture spherical patches. The fungi folder includes all features for 

the fungi species and beech litter and how each of these basal resources is scattered around moisture patches. The species 
folder includes all features for each consumer species —developmental and growth information, mass-length allometric 

relationship, traits based in quantitative genetics, feeding links, food preferences and profitabilities, etc—. Finally, we get 
multiple outputs —number of encounters and predation events of each individual/day, amount of food consumed, trait 
values and genetics throughout the simulation, cells visited of each individual/day, time and energy spent in each step of 

the program, etc.—. Own elaboration.
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body length as adult (growth curve and body size data from Sakayori, 1989). Predators 
account for 39 % of the total biomass at the beginning of the simulation (figure 6). 
The third trophic level included 4 omnivorous species that feed on other arthropods as 
well as on fungi —2 Acari Mesostigmata Macrocheles sp. and Stratiolaelaps sp., and 
2 Acari Prostigmata Anystis sp. and Eupodidae—. These species have a length ranging 
between 0.3 mm and 1.0 mm and represent 3 % of the initial biomass (growth curves 
and body zise data from Sorensen et al., 1976; Cabrera et al., 2005; Abou-Awad et al., 
2006; Mei-Fang et al., 2017; Balanzategui-Guijarro, unpublished data) (figure 6). The 
second trophic level include 5 fungivorous species —2 Acari Oribatida Galumna sp. and 
Damaeus sp., and 3 Collembola Onychiurus sp., Tomocerus sp. and Sminthurus sp.— 
with length range of 0.3 - 4.0 mm, and accounting for 58 % of the initial biomass (growth 
curves and body zise data from Maclagan, 1932; Sengbusch and Sengbusch, 1970; Joosse 
and Veltkamp, 1970; Walsh and Bolger, 1990; Balanzategui-Guijarro, unpublished data), 
and 1 large detritivorous species (a Diplopoda Polydesmus sp.) reaching 20 mm in body 
length but representing just 2 % of the initial biomass (growth curve and body size data 
from Snider, 1981) (figure 6). Finally, the first trophic level was composed of 4 basal 
resources, three of them syntopic fungi with different Relative Humidity optima (Fungus 
1 RH Range = 60 % - 70 %; Fungus 2 RH Range = 65 % - 75 % and Fungus 3 RH Range 
= 70 % - 80 %) and beech leaf-litter —which is only renewable once every year - litter 
fall of a deciduous forest— (figure 6).  

In the next step, we performed a network analysis to know the properties of the initial 
food web using Network3D 1.0.0.0 developed by ©Microsoft Corporation for Microsoft 
Research and the PEaCE Lab. To that end, we loaded data from a predation matrix that 
describes our food web with all possible links constrained by food level as explained 
above (figures 6, 7a; see table S1, Appendix). Finally, we obtained the principal features 
of the initial food web: 1) number of species (S); 2) links (L) per species (S), calculated 
as L/S; 3) connectance, calculated as L/S2; 4) fraction of top predators that have neither 
intra- nor interspecific predators (none in our study); 5) fraction of intermediate 
consumers that have both predators and prey (in our study all predators and omnivores); 
6) fraction of basal species —fungi and beech litter—; 7) fraction of fungivorous and 
detritivorous species; 8) fraction of omnivorous species; 9) fraction of  cannibalistic 
species; 10) standard deviation of generality —generality of a node is the number of 
species it consumes, normalized by L/S—; 11) standard deviation of vulnerability —
vulnerability of a node is the number of species by which it is consumed by normalized 
L/S—; and 12) standard deviation of connectivity —connectivity of a node is the number 
of species it is connected to, be it as predator or as prey, normalized by 2L/S— (table 1; 
Williams and Martinez, 2008). 

We use the topology of the initial food web and two empirical parameters, species number 
(S) and a new value of connectance (0.25 vs 0.40), to obtain a new food web matching the 
niche model. This was done by iteration of Network3D until a web with a given targeted 
connectance and which fitted to the niche model was obtained (Williams and Martinez, 
2000). This procedure was run three times until three food webs were obtained, which were 
used as the replicates for simulation in WEAVER 2.0. These three food webs only differed in 
their topology (figures 7b, 7c y 7d; see tables S2, S3 y S4, Appendix), with all other properties 
being identical (table 1).
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Figure 6.  Simplified food web including meso- and macrofauna from the leaf-litter of the beech forest floor, as implemented for simula-
tions. The blue arrows indicate who eats whom. Closed loops indicate that the species are cannibalistic. The width of the triangles delimits 

the minimum and maximum body length (mm) from birth to adulthood of all species and the height indicates the amount of biomass of 
each species and instar, based on the number of individuals collected in field surveys. Own elaboration.
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Figure 7.  Beech forest (Fagus sylvatica L.) leaf-litter food webs implemented for simulation in the WEAVER 2.0. a) Initial food web constrained 
by initial assumptions; b) niche model food web 1; c) niche model food web 2; and d) niche model food web 3. Yellow circles represent the fourth 

(top) trophic level —top predatory species—, yellow mustard circles represent the third trophic level —omnivorous species—, orange circles 
represent the second trophic level —fungivorous and detritivorous species— and red circles represent basal resources of the first trophic level —

fungi and beech litter—. Rings indicate cannibalistic species. Own elaboration.

Table 1.  Network analysis of initial and niche model food webs.

Property
Initial  

Food Web

Niche Model  
Food Webs

Number of species (S) 19 19

Links per species (L) 7.80 4.50 [4.30 - 4.70]

Connectance 0.40 0.25 [0.20 - 0.30]

Fraction of Top species 0.00 0.10 [0.00 - 0.20]

Fraction of Intermediate species 0.80 0.80 [0.60 - 0.90]

Fraction of Basal species 0.20 0.20 [0.10 - 0.30]

Fraction of Fungivorous and Detritivorous species 0.30 0.10 [0.00 - 0.20]

Fraction of Omnivorous species 0.80 0.70 [0.60 - 0.80]

Fraction of Cannibalistic species 0.50 0.30 [0.10 - 0.40]

Standard deviation of generality 0.80 0.90 [0.70 - 1.10]

Standard deviation of vulnerability 0.30 0.60 [0.30 - 0.80]

Standard deviation of connectivity 0.30 0.40 [0.30 - 0.50]
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Example of Experimental Design 1

This experiment will test the effects of the distance among water pockets (resource islands) on 
the ecological dynamics and persistence of the implemented food webs, as well as the subsequent 
consequences for a main ecosystem process: litter decomposition. To incorporate a spatial 
component, we will simulate seven equidistant water pockets around a hexagon in which 
fungi will be able to grow and beech litter will be available for detritivorous species (figure 8a).  
These islands will be identical, with equal basal productivity (fungi and beech litter), 
shape (spheroids) and size (diameter = 100 mm; depth = 10 mm; volume = 419 cm3). 
 The space surrounding water pockets is empty, without fungi or leaf-litter, and the 
individuals will only use it to move between resource islands. We will establish five distance 
treatments (adjacent, nearby, distant, very distant and remote islands) and include seven 
islands at 0, 10, 20, 30 and 40 cm distances between borders, or 10, 20, 30, 40 and 50 
cm between centers respectively. We will minimize edge effects by controlling the distance 
between the outermost islands and the border of the mesocosm in the remote island 
treatment by setting this distance between islands above 20 cm. The dimensions of the 
virtual mesocosms containing these islands will be (width × length × depth): 150 × 130 × 
1 cm3, and the distance to the edge of the mesocosms will be 60, 50, 40, 30 and 20 cm, 
respectively (figure 8a). 

Note that in WEAVER 2.0 migration depends merely on an animal’s mobility that in turn 
depends on several state variables —e. g., fungi or prey availability, predatory threat, social 
behaviour, internal state and the trait searching area, among others—. Here, long distance 
dispersal is not considered —e. g., aerial dispersal in springtails, mites and spiders— 
because this would require simulating much larger ecosystems. Finally, we will evaluate 
the optimum distance at which greater species richness is maintained, and what is the 
effect of the ecological corridor (central island) in food web persistence. To evaluate top-
down effects of predators and their ability to couple the global dynamics, we will estimate 
their dispersal distances in the simulations. We will measure the average dispersal distances 
of each simulated species, from birth to first reproduction, and obtain the «dispersal 
kernels» of each species using a normal distribution (Nathan et al., 2012), which are simply 
probability distributions that indicate the dispersal range of the individuals of each of these 
simulated species.

Example of Experimental Design 2

This experiment will test the effect of variability in local productivity of a micro-ecological 
corridor and the effect of spatial hetereogenety in the ecological dynamics and food web 
persistence, as well as its consequences for litter decomposition. We will use the island 
configuration of experiment 1 in which we estimate the longer persistence in the food 
web —longer ecological dynamics without extinctions— which we will consider to be the 
optimal distance among islands, and we will modify the productivity of the ecological 
corridor —central island hereafter— keeping the system productivity constant (figure 8b). 
Therefore, as the productivity —fungi and beech litter— of the central island decrease, 
the productivity of the six outermost islands of the simulated hexagonal structure 
increase proportionally. We will establish five treatments based on a steady decrease in 
the productivity of the central island relative to the productivity of the peripheral islands. 
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In decreasing order, very high productivity, high productivity, medium productivity, low 
productivity and zero productivity: 100 %, 75 %, 50 %, 25 % and 0 %. The productivity 
of each peripheral micro-island will increase proportionately in each treatment to keep the 
overall productivity of the system constant. 

Simulation runs

To study the effect of the distance among islands, spatial hetereogenety and variability in 
local productivity of a micro-ecological corridor in the ecological dynamics and persistence 
of the multi-trophic meta-community, we will design a bifactorial simulation experiment. 
In experiment 1, we will combine the three food webs and five distances among islands 
(figure 9a). We will run 15 combinations of treatments that will be replicated 5 times, 
resulting in 75 combinations. Finally, we will calculate the dispersal kernels for each 
species at each distance, in total 19 species and 5 spatial arrangements, we will evaluate 95 
dispersal kernels.  

For experiment 2, we will combine the three food webs and the five treatments of productivity 
using the scenario were the distance among islands will be optimal in experiment 1. 
Again, we will run 15 combinations, although 3 of them will take the results of the ones 

Figure 8.  Spatial arrangement for the «in silico» experiments. a) experiment 1: testing the effects of the distance among resource islands;  
and b) experiment 2: testing the effect of variability in local productivity of a micro-ecologicalcorridor at optimal distance  

among islands. Blue circles represent resource islands —water pockets in the beech forest floor in which fungi is able  
to grow and beech litter is available for detritivorous species at sufficiently high relative humidity for the animals  

to settle in—. The clearer blue circles decrease (central island = CI) in productivity and the darker blue circles around  
the hexagon increase in productivity. The squares represent the size of the virtual mesocosm established  

for simulations. Own elaboration.
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already coming from the above optimal scenario of productivity and will be replicated 5 
times, resulting in a total of 60 combinations (figure 9b). All simulations will be run in a 
workstation (Intel® Xeon® CPU E5-2620 v4 @ 2.10 GHz, 128 GB RAM running under 
Ubuntu as a bash terminal in Windows 10), located in the Estación Experimental de Zonas 
Áridas (EEZA-CSIC). 

Figure 9.  Set of simulations or «in silico» experiments:  a) experiment 1, with a total of 75 combinations × 5 replicates; and b) experiment 
2, with a total of 60 combinations × 5 replicates.
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Conclusions

We have parameterized a set of simulations that will allow testing how the distribution and 
productivity of water pockets in forest floors contribute to the maintenance of an ecological 
network. One responsible of returning the plant residuals to the soil: the soil food web. 
This is but one example of parameterization and hypothesis testing to show a portion of the 
potentialities of WEAVER 2.0. The implementation of simulation experimental designs or 
experiments «in silico» is very similar to how ecologists have traditionally used the scientific 
method in field and laboratory experiments. An experiment aims at predicting the outcome 
by manipulating one or more independent variables, factors, or predictor (input) variables. 
The change in one or more of these independent or input variables changes the result in one 
or more dependent variables, also referred to as output or response variables. Simulation 
models often have many input variables, and determining which ones have a significant 
impact on the response variables of interest can be a difficult task. Thus, in these types of 
simulation experiments we must choose the input variables carefully, minimizing as much 
as possible the uncertainty in their estimates, and ensuring that the documentation of the 
inputs is sufficiently detailed. Finally, we can conclude that in ecological studies, IBMs are 
developing faster in order to perform «in silico» experiments that would be impossible to 
perform with traditional experimentation methods. WEAVER 2.0 is one of the most complete 
Next-Generation IBMs developed to date, and we hope that its potential will explode soon. 

Vision

In the past ten years our groups have been intensively working on this comprehensive 
Individual-Based Model called WEAVER, up to 2017, the Next-Generation IBM for studying 
the relationship between biodiversity and ecosystem processes with the highest number 
of functionalities (Grimm et al., 2017). This collaboration between computer scientists 
and ecologists is promising and fruitful. All the new functionalities in the 2.0 version are 
almost now debugged, and we have parameterized food webs as disparate as soils and late 
Cretaceous dinosaurs, expanding 10 orders of magnitude in body sizes. Currently, we are 
working in parameterizing the food webs for biological pest control in crops, with which 
we are hoping to help reaching strategies to improve crop yield using the least amount of 
pesticides (Montserrat et al., 2021). We envision WEAVER as a simulation laboratory in 
which ecological and evolutionary questions can be tested and contrasted with real systems. 
If we are able to make the code parallel and improve its memory allocation, supercomputing 
will allow expanding our questions using millions of digital organisms at once, closely 
resembling natural ecosystems.
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Summary

One fundamental challenge in ecology is understanding the long-term persistence and stability 
of complex food webs across space and time. Here, we present a preliminary multi-locus, 
multi-trait, multi-trophic eco-evolutionary and spatially explicit Next-Generation Individual-
Based Model, WEAVER 2.0, useful for addressing this and many other matters. We highlight: 
1) some of the new features and functionalities of WEAVER 2.0; 2) some examples of how to 
parameterize the simulations and trophic networks; 3) how to obtain more realistic food webs 
for simulations using the niche model; and 4) how to design scientifically sound experiments 
«in silico» to achieve the objectives and test hypotheses. As an example, we explain how to 
parameterize the model to simulate the ecological dynamics of beech (Fagus sylvatica L.) 
forest leaf-litter food webs. The food web topologies were acquired with the niche model. 
We evaluated how food web persistence is affected by increasing: 1) the distance between 
resource-rich islands —or moisture pockets—; and 2) the productivity of a central island 
while maintaining the global productivity of the system constant. We also discuss how the 
design of «in silico» experiments is comparatively similar, and follows the same procedures 
as the design of field and/or laboratory mesocosm experiments.

Resumen

Uno de los principales desafíos de la ecología es comprender la persistencia y estabilidad 
a largo plazo de las complejas redes tróficas en el espacio y el tiempo. Presentamos aquí, 
de forma preliminar, un Modelo Basado en Individuos de nueva generación, multi-locus, 
multi-rasgo, multi-trófico, eco-evolutivo y espacialmente explícito WEAVER 2.0, útil para 
contestar esta y otras muchas preguntas. Se destacan: 1) algunas de las nuevas características 
y funcionalidades de WEAVER 2.0; 2) algunos ejemplos de cómo parametrizar las 
simulaciones y las redes tróficas; 3) cómo obtener redes tróficas más realistas para correr 
simulaciones utilizando el modelo de nicho; y 4) cómo diseñar experimentos científicamente 
sólidos «in silico» para lograr nuestros objetivos y poner nuestras hipótesis a prueba. Como 
ejemplo, mostramos como parametrizar este progama para simular las dinámicas ecológicas 
de múltiples especies incluidas en redes tróficas simplificadas de la hojarasca de los hayedos 
(Fagus sylvatica L.), con topologías obtenidas mediante el modelo de nicho. Todo ello con 
el fin de estudiar cómo la persistencia de la red trófica se ve afectada cuando: 1) se aumenta 
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la distancia entre islas ricas en recursos basales —o bolsas de humedad en el suelo—; y 2) 
se inducen cambios en la productividad de una isla central mientras se mantiene constante 
la productividad global del sistema. Finalmente, discutimos cómo el diseño de experimentos 
«in silico» es comparativamente similar y sigue los mismos procedimientos que el diseño de 
experimentos de mesoscosmos de campo y/o de laboratorio.
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Geophilus sp. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0

Amara sp. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0

Microbisium sp. 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0
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Fungus 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Beech litter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PREY

Table S1.  Predation matrix of original food web.
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Parte 3.  Visionando el futuro a partir de nuestro pasado
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Lithobius sp. 1 0 0 1 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0

Geophilus sp. 0 0 0 0 1 0 1 1 1 1 0 1 1 0 1 0 0 0 0

Amara sp. 1 0 0 1 1 1 1 1 1 1 1 1 1 0 1 0 0 0 0

Microbisium sp. 0 0 0 0 1 1 1 0 0 0 1 1 0 1 1 0 0 0 0

Macrocheles sp. 0 0 0 0 0 0 0 1 1 0 1 1 1 1 1 1 1 1 0

Stratiolaelaps sp. 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1 0

Anystis sp. 0 0 0 0 0 0 1 1 0 1 1 1 1 1 1 1 1 0 0

Eupodidae 0 0 0 0 0 1 0 1 0 0 0 1 0 1 1 1 0 1 0

Galumna sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0

Damaeus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0

Onychiurus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Tomocerus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Sminthurus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0

Polydesmus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Fungus 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fungus 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fungus 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Beech litter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PREY

Table S2.  Predation matrix of food web niche model 1.
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3.4.  Design and parameterization of simulated multi-trophic meta-community experiment...
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Lithobius sp. 1 0 1 0 1 0 0 1 1 1 1 1 1 1 1 0 0 0 0

Geophilus sp. 1 0 0 0 0 0 0 1 0 1 0 1 1 0 1 0 0 0 0

Amara sp. 1 0 1 0 0 1 1 1 0 0 1 0 1 0 1 0 0 0 0

Microbisium sp. 0 0 0 0 1 0 1 1 1 1 1 1 0 1 1 0 1 1 0

Macrocheles sp. 0 0 0 0 0 1 1 1 0 0 0 1 1 0 1 1 1 1 0

Stratiolaelaps sp. 0 0 0 0 0 1 0 1 0 1 1 1 0 0 1 1 0 1 0

Anystis sp. 0 0 0 0 0 0 1 0 1 0 1 0 1 0 1 1 0 1 0

Eupodidae 0 0 0 0 0 0 1 0 1 1 1 1 1 0 0 1 0 1 0

Galumna sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Damaeus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0

Onychiurus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0

Tomocerus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0

Sminthurus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0

Polydesmus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Fungus 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fungus 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fungus 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Beech litter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PREY

Table S3.  Predation matrix of food web niche model 2.



414

Parte 3.  Visionando el futuro a partir de nuestro pasado
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Geophilus sp. 0 1 0 1 1 0 1 1 1 1 0 1 0 0 0 0 0 0 0

Amara sp. 0 1 0 0 0 0 1 1 0 1 1 0 1 0 1 0 0 0 0

Microbisium sp. 0 0 0 0 1 0 1 1 0 0 0 1 0 1 1 0 0 0 0

Macrocheles sp. 0 0 0 0 0 1 0 1 0 1 0 0 0 1 1 0 1 1 0

Stratiolaelaps sp. 0 0 0 0 0 1 1 0 1 0 0 0 0 1 0 1 1 0 0

Anystis sp. 0 0 0 0 0 1 1 1 0 1 1 0 1 1 1 1 1 0 0

Eupodidae 0 0 0 0 0 1 1 1 1 0 1 0 1 1 1 0 1 0 0

Galumna sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0

Damaeus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0

Onychiurus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Tomocerus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0

Sminthurus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0

Polydesmus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Fungus 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fungus 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fungus 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Beech litter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

PREY

Table S4.  Predation matrix of food web niche model 3.




