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Abstract 
Ecological networks have been investigated in many analyses to integrate network theory into ecology 
and to find patterns in these networks. Although the amount of networks investigated is huge analyses 
of general ecological networks from high mountains on islands have never been conducted. This report 
includes the first complete analysis of the descriptive statistics, linkage level, nestedness, degree 
distribution, modularity and functional roles of a high mountain network on an island. A cartographic 
method is used to identify keystone species of the network and possible ecological explanations of why 
these species are important to the network structure are included. The database used for the analyses 
contains 449 species and 1152 interactions that have been collected from the literature and during 
fieldwork. The analyses are conducted on both the full network and the bipartite networks created by 
splitting the database. The results show that the high mountain network of Las Cañadas, Tenerife, 
follows the typical patterns of heterogeneity, i.e. nestedness and modularity, also seen in other 
investigated networks. Like other ecological networks the degree distribution reveals that species have 
preferential attachment in Las Cañadas. This network deviates from others by having more specialist 
species and fewer predator species, which could be a general pattern among networks in harsh 
environments on high mountains and relatively young islands. 
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1.0 Introduction 

Networks consist of nodes that are connected by links (Fig 1). In the real world 

networks often display complex topologies and are not randomly assembled. 

Complex networks can be found in a variety of different communities and 

systems, e.g. social networks (McDonald et al. 2013), infrastructures (Guimerà 

et al. 2005), the Internet (Vázquez et al. 2002), metabolic networks (Jeong et al. 

2000) and ecological networks (Camacho et al. 2002; Milo et al. 2002). Charles 

Darwin conducted the first investigation of links between nodes in ecological 

networks. He studied the interactions between different species of finches and 

their preferred food species, which lead to the evolutionary theory of natural 

selection. Since then, the field of network analysis has been a large topic in 

ecology and conservation management and the size of the analyzed networks 

increases. Small networks can be analyzed and important nodes identified just 

by looking at the graphs, but this is impossible and insufficient for larger 

networks. To extract relevant information from large complex networks the 

characteristics and topological patterns are of crucial importance. The 

characteristics analyzed in this study consist of biodiversity, linkage level and 

connectance while the degree distribution, nestedness and modularity 

describes the topological patterns. 

 

 

 

 

Figure 1. Example of a 

small network with seven 

nodes and seven links. 
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1.1 Biodiversity, linkage level and connectance 

The importance of biodiversity for ecological networks has been a topic of 

debate for several years (e.g. Grime 1997). Despite lacking proof of general 

importance, biodiversity is fundamental for network analysis and conservation 

biology. Network structures reflect evolutionary characteristics of species and 

their interactions. Thus, describing the structure of complex ecological 

networks is essential to understand the role of species richness, stability of 

species and persistence of biodiversity in ecosystems. 

Species richness is the number of species in a network and is a simple 

measure of biodiversity. Species are often characterized by the number of links 

to other species, called linkage level. The connectance is related to the linkage 

level and it describes the proportion of realized links in a network to the 

possible maximum number of links in the network. Despite small variations in 

the connectance in networks of different sizes, it is known to follow the 

constant connectance hypothesis, which states that species interact with other 

species at the same ratio no matter the size of the network (Martinez 1992). 

This hypothesis does not apply to very small networks; here the connectance is 

higher than explained by the hypothesis (Hoback & Stanley 2001). Species 

richness, linkage level and connectance are characteristics that describe the 

complexity of ecological networks. These characteristics shape the underlying 

structures, which form the general patterns.  

1.2 Degree distribution 

After determining the characteristics, it is possible to describe the frequency 

distribution of the number of interactions per species. This distribution is 

called degree distribution. According to the Erdös-Rényi model the simplest 

network is created by a set of nodes that are connected by links with equal 

probability (Erdos & Renyi 1960). In graph theory these simple networks are 

called random graphs. Random graphs have a degree distribution that follows 

a Poisson distribution and are homogeneous, because nodes are connected 

with an equal probability, p.  
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In ecological networks the addition of 

species follows preferential attachment. This 

means that new nodes have a higher probability 

of connecting to a node with high linkage level 

than to nodes with lower linkage level. Thus, 

ecological networks have a tendency to be 

composed of many species with few interactions 

and few species having much more links than 

obtained in random graphs, making these 

networks unpredictable by random graph theory 

approach only. This connection pattern causes 

the degree distribution of complex networks to 

be heterogeneous (Fig 2A). Heterogeneous 

degree distributions can be described by a power 

law function (scale-free), a power law function 

with a marked cut-off (truncated power law) or 

exponential decay (Barabasi & Albert 1999; 

Amaral et al. 2000) (Fig 2B). The size and the 

connectance value of ecological networks 

contribute to the form of the degree distribution 

and thereby the best-fitted function. In networks 

with similar size the ones with relatively high 

connectance values tend to be more uniformly 

distributed while networks with relatively low 

connectance follow a power law or a truncated 

power law (Schippers et al. 2012).  

 

 

 

 

Figure 2. The heterogeneous 

degree distribution of complex 

networks (A) and the theoretical 

possible functions, which 

describe the degree distribution 

(B). In this case the data fit best 

to the truncated power law. P(k) 

describes the cumulative 

distribution of links per species, 

k, where  is the degree 

exponent and is the 

truncation value (Bascompte & 

Jordano 2007). 
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1.3 Nestedness 

The concept of nestedness was first described in a biogeographical manner 

comparing the species diversity of islands with the mainland. The 

communities of isolated islands tended 

to consist of a subset of species on a 

nearby mainland (Leston 1957). Nested 

patterns have since been discovered in 

many ecological bipartite networks. In a 

theoretical network with a perfect 

nested pattern, specialist species 

interact with a subset of species, which 

are interacting with generalist species 

(Fig 3A). Perfect nested networks have 

a nestedness value of one. In random 

networks the interactions between 

species do not show nestedness (Fig 

3B). An isocline can be added to the 

matrix, which separates the occupied, 

i.e those with links, and empty areas of 

the perfect nested matrices. In real 

ecological networks there will be 

missing interactions in the occupied 

area called unexpected absences and 

interactions in the empty area called 

unexpected presences (Fig 3C) (Ulrich et 

al. 2009). 

1.4 Modularity, modules and functional roles 

A cartographic representation can in addition to the network characteristics, 

degree distribution and nestedness reveal other patterns and properties of the 

network e.g. stability of the network and presence of keystone species (May 

1973; Guimerà & Amaral 2005a). The cartographic method describes the 

Figure 3. Theoretical presentations of a 

perfect nested network with a nestedness-

value of one (A) and a random network 

without a nested pattern (B). 

Demonstration of an ecological network 

with the isocline of perfect nestedness (C). 

The rows are lower trophic level species, 

the columns high trophic level species, 

filled marks are interactions and circles 

highlight unexpected absence/presence of 

interactions. Modifications have been 

added to the figures from other studies 

(Bascompte et al. 2003; Ulrich et al. 2009).  
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overall structure of ecological networks by identifying modules within the 

network and assigns each species with a functional role that describes their 

structural importance for the network.  

The topology of complex ecological networks does not have a uniform 

distribution of interactions among species. Thus, the network can be separated 

into areas that have many strong interactions and fewer weaker interactions 

between areas, known as compartments or modules (Pimm 1979). A network is 

said to contain modularity if it encompasses modules. Modularity is a common 

pattern among ecological networks, for instance in food-webs and pollination 

networks (Krause et al. 2003; Olesen et al. 2007).  

 The modules consist of strongly connected species from different 

trophic levels that are highly dependent on each other. The strong interactions 

can lead to co-adaptations among the species and thereby specializing the 

species within the module, because they are much closer connected to each 

other than to species in other modules (Paine 1980; Prado & Lewinsohn 2004).  

 In modular networks nodes with many connections to other nodes 

within a module or between different modules are important for the stability 

of the network. In the cartographic method the nodes are assigned with a 

functional role for the network, based on their connectivity between and 

within the modules (Guimerà & Amaral 2005b, a; Guimerà et al. 2005). Placing 

these functional roles into an ecological perspective, which describes the 

foraging strategy of the species. The different foraging strategies used in this 

study are generalist (connectors and module hubs), specialists (peripherals) 

and super-generalists (network hubs). The functional roles of species are of 

great importance in conservation biology. Extinction of species that connect a 

module (module hub) will primarily affect the module while extinction of a 

super-generalist (network hub) or a species that connects different modules 

(connector) can lead to cascading effects and fragmentation of the network 

(Olesen et al. 2007). Thus, the functional roles are a way to identify keystone 

species based on their structural function. 
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2.0 Material and methods 

This study is divided into three parts: data collection in the field, identification 

of specimens in the laboratory and finally, data analysis. The data consist of 

specimens and observations of interactions. The methodology will be 

explained for each part.  

2.1 Fieldwork database (FD) 

Fieldwork consisted of three different sampling techniques, combined in 

order to obtain information for the fieldwork database (FD) about as many 

interactions as possible, between all trophic levels in the ecological network.  

2.1.1 Technique 1 

This technique focused on direct observations of interactions between 

invertebrates and plants. It was designed in a phytocentric way, meaning that 

observations were made at individuals of selected plant species at different 

localities. Prior to this study, interactions between invertebrates and plants 

were only known for 40 of the 227 plant species in the Teide National Park 

(literature database LD). The number of links per plant species for these 40 

species varied, depending, for example, upon observation time and their 

abundance. For example, in the LD the very common plant species Retama 

del Teide (Spartocytisus supranubius) had 75 known interactions, while the rare 

malpica (Carlina xeranthemoides) only had a single interaction (Macias et al., 

2011). However, it was not possible to conduct observations on all 227 

flowering plant species in the park. Therefore 25 species were selected based 

on the following criteria: 

• Accessibility of the population of a given species. The topography of 

Las Cañadas is very variable and some areas are inaccessible. Plant 

species that only grow in such areas were excluded from the study, 

which included nine different localities (Fig 4). 

• Species with high abundance but a low number of interactions known 

from LD were included in the study.  
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• Only species demonstrating growth and flowering were selected. Lack 

of growth and flowering might be due to the extreme dryness in the 

sampling year 2012. 

According to these criteria, a total of 25 plant species were selected (Table 1).  

 

 

 

Direct observations of all interactions occurring between herbivores, 

pollinators and plants were noted. These observations were conducted both at 

day and night. At night surveys, a red flashlight was used to avoid affecting the 

behavior of the invertebrates. 

When observing a plant for interactions, the location of the interaction 

on the plant (i.e. leaves, stem, flower etc.) and the kind of interaction was 

noted (pollination, herbivory etc.). The data from this initial phase were 

included in the Minimum Combined Network (Min Com Net). The duration of 

the initial phase per plant was about an hour till the point when no new 

interactions were registered and the initial phase ceased, followed by an active 

phase of search. In the active phase, animals staying on the plants without 

Pimpinella cumbrae Bituminaria bituminosa 

Argyranthemum tenerifae Chamaecytisus proliferus 

Carlina xeranthemoides Spartocytisus supranubius 

Cheirolophus teydis Mentha longifolia 

Tolpis webbii Micromeria lachnophylla 

Echium auberianum  Nepeta teydea 

Echium wildpretii Plantago webbii 

Descurainia bourgeauana  Bencomia exstipulata 

Silene berthelotiana Salix canariensis 

Silene nocteolens Scrophularia glabrata 

Silene vulgaris Veronica anagallis-aquatica 

Pterocephalus lasiospermus Viola cheiranthifolia 

Adenocarpus viscosus  

Table 1. The 25 plant species that were focused 

on during the fieldwork with technique 1. 
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Figure 4. A geographic information 

system (GIS) representation of the nine 

fieldwork localities in Las Cañadas. 
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interacting were collected and the plant were gently shaken above a Japanese 

umbrella that collected all individuals for which interactions were not directly 

observed. These invertebrates were analyzed differently because no 

interactions had been observed and consequently, they were included in the 

Maximum Combined Network (Max Com Net). Finally, animal-damaged plant 

parts (mainly leaves and petals) were collected and the herbivory pattern of 

each part was noted in the database. This was important information, because 

an herbivore often damages its food plant in a characteristic way and these 

patterns might therefore facilitate later identification of the herbivore (Isely & 

Alexander 1949). 

Each specimen of dead plant material was placed in separate jars. If 

there were any insect juveniles in the material they were expected to develop 

and later identified as adults. 

These surveys were repeated several times during the study period to 

obtain as much information as possible during the phenological development 

of the study plants. 

2.1.2 Technique 2  

This sampling method focused on observations of interactions between 

predatory invertebrates and their prey. Direct observations of these 

interactions in the field are relatively rare compared to observations of 

interactions with plants. In addition, the task of tracking predators during 

their hunt for prey is difficult. Therefore interactions were observed both 

during the surveys in technique 1 and during census walks. Observations of 

specifically selected predatory species were also made. These species were 

selected because they are quite easy to follow in the field and some are 

keystone species in the Cañadas network (Macías et al. 2011). Especially web-

making spiders, e.g. Aculepeira annulipes were observed in detail, because the 

prey captured in their webs were spun into cocoons and preserved. The 

cocoons remained in the web for a long period of time and were collected for 

later prey identification.  
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2.1.3 Technique 3 

This technique focused upon interactions of the avian top predator, Falco 

tinnunculus. The method extracted information about interactions from the 

pellets of the bird. The nests of F. tinnunculus were located in different parts of 

the national park. Nests located in different habitats were chosen to obtain the 

maximum diversity of prey eaten and thereby optimize the number of links 

found. Falco tinnunculus pellets were collected on the rocks beneath the nests 

in different seasons and years.  

2.2 Identification of specimens 

Identification of material was based on both published keys and comparisons 

with material from the invertebrate collection at the Department of Zoology, 

University of La Laguna. Links already described in LD were not taken into 

consideration. Specimens that could not be identified to species level were 

assigned a morphotype code. All individuals were preserved in 70% ethanol or 

pinned depending on their size. All small specimens were photographed.  

The material collected in technique 3 had to be prepared before 

identification was possible, e.g. extraction of insect parts from pellets. This was 

conducted in a petri dish and the parts were compared with the university 

collection of invertebrates. Thirty pellets from four different seasons were 

examined, giving a total of 120 Falco tinnunculus pellets. 

2.3 Data processing 

To acquire a database as large as possible of interactions in the ecological 

Cañadas network the fieldwork database (FD) was combined with interactions 

reported in the literature database (LD) (Macías et al. 2011).This pooling of data 

affected my choice of analysis as described below. 

2.3.1 Preparation of the database 

Some adjustments had to be done to the LD before being incorporated into 

the FD. Names of species were updated and subspecies names were ignored.  

The LD did not include information about the kind of interactions (herbivore, 

pollinators etc.) and observation method. Thus data were sorted into different 



	   10	  

kinds: a network with the maximum number of links (Max Com Net) and a 

network with the minimum number of links (Min Com Net). The construction 

of each of these networks is described below: 

 Max Com Net: To construct the network with the maximum number of 

interactions, all duplicates, carnivore-plant interactions and 

cannibalistic links were removed. 

Min Com Net: The following additional changes were made to the 

maximum links network: Links with one of the species still in need of 

identification/confirmation by an expert were removed. Morpho-species 

that could be similar to other interactions in the dataset were also 

removed (Pellet type-# and Herb-#). Interactions that only possessed 

information about their order or family were replaced with other more 

precise pieces of interactions that gave the genus or species. 

Interactions extracted from the literature that were not collected by 

direct observation were deleted together with links that were not 

directly observed in this study. 

 

2.3.2 Separation of trophic levels 

To get a better perspective in the visualization and conduct more analysis of 

the ecological network, the combined databases were separated into bipartite 

networks. Bipartite networks are the most studied ecological networks in the 

literature. These kinds of networks consist of two trophic levels where species 

interact between levels and not within them. The separation of the data from 

the combined databases in this study, eligible results to be compared with the 

literature. The separation was determined by the ecological roles that the 

species had in the combined databases. A professional entomologist, Antonio 

José Pérez, analyzed interactions that were not directly observed and each 

individual was assigned an ecological role (predator, herbivore or pollinator) 

that was the most likely. The ecological role assigned to species that were 

unknown to the entomologist was the most common feeding role in the family 

to which it belonged. Species that were not given feeding roles were excluded 
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from the networks. The bipartite networks consisted of a predator-prey 

network (predators + parasitoids), herbivore-plant network (herbivores + sap 

suckers) and pollinator-plant network (pollinators + nectar drinkers), all with a 

variety of maximum and minimum interactions. The predator-prey networks 

had three trophic levels because a few predator species (six species with ten 

interactions in Max Com Net, three species with five interactions in Min Com 

Net) had links to both predator and prey species, called intermediate predator-

species (IPS). However the ideal solution to create the bipartite networks was 

to split the data into two networks, but because of the few number of IPS it 

was not possible to make two networks. To eligible these networks for 

bipartite analyses and avoid exclusion of data, the IPS were renamed in links 

where they were prey (Fig 5). The renaming causes the IPS to be handled as 

two different species in the analyses. The renaming in the predator-prey 

network is only needed for degree distribution analyses. The other 

calculations, analyses and visualizations are more correct if the IPS are not 

handled as different species.  

 

2.4 Analyses 

The characteristics of the network together with the pattern of interacting 

species have to be known for comparison with studies of other ecological 

networks. The connectance is a characteristic for different networks and can 

be relatively easy calculated. The first patterns examined were degree 

distribution and network nestedness. Further patterns were revealed using a 

cartographic method based on modularity and ecological roles.  

Figure 5. Renaming of intermediate 

predator species to eligible data for 

bipartite analysis. This separation is 

only applied data that are analyzed 

with the bipartite software in R.  
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2.4.1 Biodiversity, linkage level and connectance 

Species richness is determined for the full ecological network and the three 

bipartite networks by counting the different species (NTotal). The maximum and 

minimum species richness is found for all networks and separated into higher 

trophic level (NH) and lower trophic level (NL). The proportion of species in the 

higher trophic level to the lower trophic level (PH/L) and the reverse proportion 

(PL/H) are determined.  

Linkage level is the number of interactions per node and is determined 

by dividing the number of interactions in the network with the total number of 

species (LTotal). The linkage level is also calculated for the higher trophic level 

(LH) and lower trophic level (LL). 

The connectance is calculated as the total number of interactions in the 

network (I) divided by the theoretical maximum number of links obtained in 

the network. The maximum possible number of interactions was found by 

multiplying the number of species in the higher trophic level ( ) with the 

number in the lower trophic level ( ). The formula is: 

C =
I

N
H
! N

L

	  

2.4.2 Degree distribution 

The degree distribution is analyzed using two different methods. 

Linkage level is used in the first method to find the frequency of species 

having a given number of links to other species in the network. The second 

method is based upon cumulative degree distributions and is only applied to 

the bipartite networks. The analyses are conducted in the software Bipartite, 

which is an add-on package for the statistical program R. The input file for 

Bipartite consists of a similarity matrix (SM) that is created as follows.  

 
SM = a

i, j
!
"

#
$NH x NL

where a
i, j
= 0,

1,

!
"
#

$#

if no interaction 
if interaction

	  
 

This software package has a function that calculates degrees for each species in 

each of the six bipartite networks, then creates cumulative degree distributions 

NH

NL
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and fits them with the three theoretical functions: exponential, power law and 

truncated power law.  

2.4.3 Nestedness 

The estimation of network nestedness is based on binary data in the similarity 

matrices (SM). Graphic illustrations of the similarity matrices are created with 

the bipartite add-on to the software R.  

Each matrix is analyzed with the software ANINHADO, which is faster 

and easier to use than previous software (Guimaraes & Guimaraes 2006). The 

software calculates the NODF-values of the networks and compare them with 

a pre-determined null model (Guimaraes & Guimaraes 2006; Almeida-Neto et 

al. 2008). The NODF-value is a measure of nestedness based on overlap and 

decreasing fill. The software identifies the overlap and the decreasing fill by 

first comparing each row with all of the other rows and then all columns with 

each other. If there is a difference in the number of interactions (decreasing 

fill) in the comparison it will calculate a paired nestedness value ( ) 

depending on how many interactions that the rows (m) or the columns (n) have 

in common. Based on these paired nestedness values the NODF-value is 

calculated for the network according to the formula: 

NODF =
N

Paired!
n(n"1)
2

#

$
%

&

'
(+

m(m"1)
2

#

$
%

&

'
(

	  (Almeida-‐Neto	  et	  al.	  2008). 

 The pre-determined null model, which is used in this study, gives the 

probability of a cell in the matrix having an interaction. This null model 

generates a number of ranked similarity matrices (CE) and calculates their 

NODF-values, which is compared with the NODF-value of the networks in 

this study. In this study the maximal number of generated ranked networks is 

used to get the most accurate probabilities (1000 ranked matrices). 

 

NPaired
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2.4.4 Modularity 

A cartographic method is used to analyze the network based on the 

connectivity patterns between species. This method requires that modules are 

identified in the network and species are assigned different roles. Simulating 

annealing (SA) software is used for the identifications of modules and roles. 

The software analyses are based on a simulating annealing algorithm that 

maximizes the modularity of partitions in the network (Kirkpatrick et al. 1983). 

The modules identified by the software are the ones, which result in the 

highest modularity value calculated from the following formula: 

(Guimerà & Amaral 2005b) 

Where NM is the number of modules, L is the total number of interactions in 

the network, ls is the number of interactions within the module and ds is the 

sum of the degrees of the species in module s.  

Iteration factor, cooling factor and network temperature are variables 

that need to be defined to run the analyses with the software. The highest 

values are chosen for these variables in this study to get the most stable 

modules and roles. The analyses were completed with an iteration factor of 1, 

cooling factor of 0.999 and a network temperature of 0. To determine whether 

the modular structure of the network is significant, it was compared with 

modularity values of 100 random networks with the same connectivity. This 

test is important because random graphs also may exhibit modular structure 

(Guimerà et al. 2004).  

Each of the significantly modular networks and their modules is 

visualized in the visualization tool Gephi (Bastian et al. 2009). The layout 

chosen to illustrate the networks is “Force Atlas”, which is an algorithm that 

organizes the species in the network in accordance to a few user-determined 

parameters. The nodes are colored according to their modules and a 3D 

representation is constructed for each module. The 3D models are created 

with the software Network3D (Yoon et al. 2004; Williams 2010). Satellite 

species within each module are excluded from the 3D representations. 

M =
ls
L
!

ds
2L
"

#
$

%

&
'
2(

)
*
*

+

,
-
-s=1

NM

.
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The modules of the complex ecological networks are identified and the 

following step in the cartographic method was to classify each species into 

roles. The classification was based on topological properties for each species in 

the network. The topological properties were determined based upon two 

parameters: within-module degree (z) and participation coefficient (P) 

(Guimerà & Amaral 2005b). These two parameters describe the pattern of links 

that each species has between and within modules and is calculated according 

to the following formulas:  

 Within-module degree. 

is the number of links of species  to other species within its module . 

 is the average of over all the nodes in . is the standard deviation 

of in . 

Participation coefficient. 

  is the number of interactions of species  to other species within module 

. is the total degree of species . 

Species having similar topological properties were placed in one out of 

seven possible functional roles. The seven roles are split into two categories: 

non-hubs (Role 1-4, z < 2.5) and hubs (Role 5-7, z  2.5). Within these 

categories there is a gradual increase in the number of links each species has 

with other modules (increasing participation coefficient) from role 1-4 and role 

5-7 (Guimerà & Amaral 2005a). An eighth role is added manually for satellite 

species, which is a few species that are not connected with the network. An 

overview of the functional roles and their respective 

network roles and foraging strategies is given in Table 2. 
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Table 2. The separation of 

species with functional 

roles into network roles 

and foraging strategies 

based on their within 

module degree (z) and 

participation coefficient 

(P). 

Network role Foreging strategy z-values P- values

Role 1 z ! 2.500 0.000 ! P < 0.005

Role 2 z ! 2.500 0.005 ! P < 0.620

Role 3 z ! 2.500 0.620 ! P < 0.800

Role 4 z ! 2.500 0.800 ! P ! 1.000

Role 5 z > 2.500 0.000 ! P < 0.300

Role 6 z > 2.500 0.300 ! P < 0.750

Role 7 Network hubs Super-generalists z > 2.500 0.750 ! P < 1.000

Role 8 Not connected Satellite species " "

Module hubs

Connectors

Generalists

SpecialistsPeripherals
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Keystone species can be identified based on their functional roles in each of 

the networks. This study focuses on keystone species from the minimum 

networks because their interactions are all direct observations and the 

identification of keystone species will be accurate. The species identified in 

the minimum networks also turn out to be a subset of the keystone species in 

the maximum networks, which enhances the importance of these species. The 

extra keystone species and their interactions in the maximum networks need 

confirmation by further studies to be included in the management of the park. 
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3.0 Results 

The descriptive statistics of the combined networks and each of the separated 

networks are shown in Table 3. This description encompasses numbers of 

species and links, together with linkage, connectance, nestedness and 

modularity levels. 

 

 

Species richness in the combined network spanned from a total of 275 to 449 

different species. It is mainly species from the higher trophic level that have 

been excluded in the construction of the minimum network. In the separated 

databases the predator-prey network had a higher number of species in the 

lower trophic level than in the higher trophic level, in contrast to the 

herbivore-plant and pollinator-plant networks where the highest species 

Table 3. The descriptive statistics for all the network analyses. The table includes number 

of species in the higher trophic level (NH), lower trophic level (NL) and the complete 

network (NTotal). Proportions of species between the trophic levels (PH/lL and PL/H). The 

number of interactions (I) and the linkage level of the higher-, lower trophic levels and for 

the complete network (LH, LL and LTotal). The connectance (C) and the nestedness-value of 

the network (NODFTotal), average of 1000 ranked random networks (NODFCE) and the 

significance determination (PCE). Finally the table includes the modularity (M), the average 

modularity of 100 random networks (MRandom), standard deviation of the random networks 

(STM), minimum value of significance P(M) and the significance determination, if positive 

value the networks are significantly different from the random networks (M > PM).  

Variable Max Min MaxPred MaxHerb MaxPoll MinPred MinHerb MinPoll
NH 340 169 30 166 134 24 55 94
NL 157 141 113 43 32 101 38 25
NTotal 449 275 137 209 166 122 93 119
PH/L 2.166 1.199 0.265 3.860 4.188 0.238 1.447 3.760
PL/H 0.462 0.834 3.767 0.259 0.239 4.208 0.691 0.266
I 1152 545 161 495 442 130 180 229
LTotal 2.57 1.98 1.18 2.37 2.66 1.07 1.94 1.92
LH 3.39 3.22 5.37 2.98 3.30 5.42 3.27 2.44
LL 7.34 3.87 1.42 11.51 13.81 1.29 4.74 9.16
C 0.02158 0.02287 0.04749 0.06935 0.10308 0.05363 0.08612 0.09745
NODFTotal 14.22 12.28 7.47 19.65 24.16 6.66 33.82 24.36
NODFCE 4.15 3.79 4.45 8.66 11.94 4.45 11.84 10.72
PCE 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
M 0.43791 0.51489 0.67109 0.41712 0.37009 0.71224 0.46742 0.45725
MRandom 0.39204 0.45939 0.59143 0.39896 0.36368 0.63461 0.42685 0.43978
STM 0.00355 0.00502 0.01033 0.00522 0.00567 0.01004 0.00975 0.00797
PM 0.39900 0.46922 0.61168 0.40919 0.37479 0.65428 0.44595 0.45540
M > PM 0.03891 0.04567 0.05940 0.00792 -0.00470 0.05796 0.02147 0.00184

Seperated network Max Seperated network MinCombined Network
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richness was found in the higher trophic level. A large difference in species 

richness between minimum and maximum networks was found in the higher 

trophic level of the herbivore-plant network.  

The maximum combined network consisted of twice as many 

interactions as the minimum network. In the separated networks the largest 

difference in the number of links was between maximum and minimum 

network of herbivore-plant followed by pollinator-plant. The variation in 

linkage level was primarily seen between different trophic levels. Comparing 

all networks including maximum and minimum networks showed a fluctuation 

in total linkage level (from 1.07 to 2.66). 

The connectance values were lowest in the combined network and 

highest in the pollinator-plant network. The variation was large in the 

connectance between the different networks, but little variation in the values 

of maximum and minimum within networks.  

 The NODF-values displayed differences in the level of nestedness 

between each of the networks. There was little variation in the maximum and 

minimum NODF-values for the combined, predator-prey and pollinator-plant 

network, while the variation was much larger for the herbivore-plant network. 

All the networks in this study were significantly nested compared to the 

randomly ranked similarity matrices (P(CE) < 0.01). 

 All of the networks expressed modularity and their modular-values 

ranged from 0.37 to 0.71. Most of the networks (7/8) were significantly different 

from the average modularity-value of the random networks. In fact only the 

maximal pollinator-plant network failed to show significance and will be 

excluded from the cartographic representation. 
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3.1 Degree distribution 

The result of the degree distributions from the first method, which is based on 

frequencies of species with different linkage levels, is shown in the following 

graphs. The figure illustrates the maximum and minimum degree distributions 

for each of the four networks (Fig 6).  

 

The three bipartite networks were also analyzed in the R add-on program 

Bipartite, with the second method. This method fitted the cumulative degree 

distributions with three different theoretical functions (Fig 7). The measure 

that describes how well a given function fits data is called Akaike information 

criterion (AIC). The AIC-values describe how much information that is lost 

when fitting. Thus, the lower the AIC-values the better does the given 

function describe data. The AIC values from these analyses are summarized in 

Table 4. 

 

Figure 6. Graphs showing the degree distributions of the different separated networks, 

including both maximum and minimum interactions. The degree distribution is illustrated 

as the frequency of species with k links to other species, where k is the number of links.  
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Ecological role Exponential Power law Truncated power law
Predator-Prey network

Max -10.755820 -32.036830 NA
Min -8.787077 -23.909797 NA
Max -19.009650 -24.659910 -29.067810
Min -30.327190 -21.484630 -33.921520

Herbivore-Plant network
Max -42.257760 -74.849620 -80.584150
Min -22.477220 -42.744360 -41.849110
Max -94.626800 -37.286700 -99.506110
Min NA -13.371420 -30.172060

Pollinator-Plant network
Max -42.520860 -40.220130 -63.081860
Min -32.297090 -23.866090 39.334680
Max -101.301100 -25.901760 -101.362290
Min -55.976600 -19.626860 -54.182680

Plant

Predator

Prey

Herbivore

Plant

Pollinator

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Cumulative degree distribution of the bipartite networks fitted to the theoretical 

functions of exponential, power law and truncated power law.  

Table 4. Akaike information criterion (AIC) of the bipartite networks. The highlighted 

AIC-values describe the best-fitted functions. In networks with insufficient data for 

analyses the fitting is not possible and the AIC-value is not available, here termed NA.  
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Fitting the cumulative degree distributions to the three mathematical 

functions showed that the truncated power law was the best fit for most of the 

trophic levels in the bipartite networks (66.67%). The power law was the 

second best describing function (25%) followed by the least describing 

function, the exponential function, which was only the best fit in a single case 

(8.33%).  

3.2 Nestedness 

The nestedness of the networks calculated in this study is based on the 

similarity matrices (Fig 8). Although there is no isocline demonstrating the 

perfect nestedness it was clear that none of networks were perfectly nested. All 

of the networks contained both unexpected presences and absences. 

 

 

 

 

 

Figure 8. The similarity matrices for the six bipartite networks. The columns represent 

species of the higher trophic level and rows are species of the lower trophic level. The 

black marks indicate an interaction between the species. 
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3.2 Modularity 

3.2.1 Modules 

The simulating annealing algorithm identified between six and nine modules 

within each of the seven significant 

modular networks (Fig 9). The modules 

contained between four and 81 species 

and from five to 326 interactions within 

and between modules. A list of modules 

in each network and the scientific names 

of species belonging to each module can 

be seen in appendix I. 

 

 

Each of the significant modular networks and their modules is visualized. A 

preview of one of these visualizations is 

illustrated in figure 10. The visualization of 

the networks and their modules can be seen 

in detail in appendix II. The visualization 

and the 3D-representations of the modules 

reveal several patterns. The first remarkable 

pattern revealed in the visualization is that 

the more species a network contains the 

harder it becomes to differentiate the 

different modules from each other. The 3D 

representations of the modules showed that 

the pattern and number of interactions 

differed much between the modules. 

Figure 9. Overview of the modules in the seven 

modular networks. Each of the colored circles 

represents a module and the numbers 

corresponds to different species. A list with the 

corresponding species is found in appendix I. 

Figure 10. Visualization of a 

modular network. Nodes are colored 

according to their module. Each 

module is additionally illustrated in 

3D.  
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3.2.2 Functional roles 

Species are assigned functional roles according to their topological properties 

in the networks (Fig 11). Each network contained species belonging from four 

to six of the different functional roles. Additionally, graphs are created to 

illustrate the proportions of species belonging to the different functional roles, 

including satellite species (Fig 12). A comparison of the different roles showed 

that the maximum and minimum networks contained similar proportions but a 

large difference between networks. The predator-prey networks are 

remarkably different from the rest of the networks by including relatively few 

species belonging to role two and three and many satellite species. If the 

comparison is conducted according to the foraging strategies described in 

Table 2 all networks express similar patterns. The general pattern observed 

was that a network contained mostly peripheral or specialist species (75%-82%) 

followed by generalist species (7%-22%) and very few super-generalist species 

(1%). 

 

Figure 11. Separation of species into functional roles based on their within-module degree 

and participation coefficient.   
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Figure 12. Proportions of the different functional roles in each of the modular networks. 

All of the networks contain most specialist or peripheral species (Roles 1 and 2) followed 

by generalist species (Roles 3, 4, 5 and 6). Super-generalist species are only found in the 

maximum networks and satellite species are primarily located in the predator-prey 

networks.  
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3.2.3 Keystone species 

The keystone species in this study are identified by their functional roles in 

the minimum networks. A list of keystone species found by the cartographic 

method and satellite species is provided (Table 5).  

 

Table 5. Keystone and satellite species in the minimum networks separated into 

their functional roles. 
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4.0 Discussion 

Species with similar ecological roles compete for resources such as pollinators, 

seed dispersers or prey if the resources are limited (Tilman 1987). Species in 

trophic levels with higher species numbers are more likely to compete for 

resources. The number of species is used to describe which of the trophic 

levels in the bipartite networks that can be a limiting resource. Proportions of 

species richness between the trophic levels are used to describe possible 

competition (PH/L, PL/H). According to this study the PH/L is high for herbivores 

and pollinators, meaning that there can be competition within these groups 

for plants. These results are in agreement with other studies showing that the 

species richness is higher in the trophic level of herbivores and pollinators 

than the trophic level of plants and that there exists high competition within 

these trophic levels (Gurevitch et al. 1992). Previously it has been shown that 

there is a ratio of two to three prey species per predator species in ecological 

networks (Briand & Cohen 1984; Raffaelli 2000). This study shows a slightly 

higher proportion of prey species to predator species (PL/H from 3.8 to 4.2), 

which could be explained by the fact that islands have fewer predator species 

than the mainland (Blumstein 2002). The predator species in this study were 

more generalistic than observed in other studies. Generalist predators have an 

advantage in harsh environments with fluctuating environmental factors that 

have an effect on their prey population. If a prey species is very low in 

abundance and population size the predator can switch to another prey 

species (Murdoch 1969). 

The higher proportion of prey to predator species can also be derived 

from the age of the ecological network. The ecosystems of Tenerife and Las 

Cañadas are relatively young systems at the geological timescale. The Canary 

archipelago originates from an island hotspot near the coast of Africa where 

Tenerife is the third youngest of the islands, which came into existence 7.5 Ma 

(Carracedo et al. 1998). The immigration of predator species requires that its 

prey species are already present and have a population which can sustain the 

predator species (Holt 2010). Thus, the higher proportion of prey to predator 
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species can be a result of the necessary immigration order and timelag 

between predator and prey.  

Species richness is not the only factor affected by the relatively short 

period the ecological network of Las Cañadas has had to establish and evolve, 

but also the structure. Because ecological networks are dynamic new species 

and interactions between species are added during the evolution of the 

network, while others disappear (Dorogovtsev et al. 2000; Jain & Krishna 2002). 

The addition of interactions has a higher rate than the addition of species, 

which affects the characteristics and pattern of the network e.g. the degree 

distribution (Albert & Barabasi 2002). Thus, in the future the ecological 

network of Las Cañadas will have a relatively higher proportion of generalist to 

specialist species. 

The biodiversity measured as species richness and the total linkage level 

vary between the different networks. Comparison of the maximum and 

minimum values of the total linkage level for all four networks shows that 

networks containing higher species richness have higher linkage level. This 

result matches previous studies, showing that species in networks containing 

higher species richness interact with more species (Martinez 1992).  

The connectance values found for the networks in this study ranged 

from 0.02 to 0.10. These connectance values are expected according to a study 

that compares connectance values of several networks, which range from 0.02 

to 0.32 (Schippers et al. 2012). Even though the connectance values are within 

the normal variation of networks they are relatively low. The low connectance 

values obtained in this study can be due to missing observations of 

interactions and could turn out to be higher with an increased effort in the 

field or it can be because the species are more specialized in this network 

compared to other networks. Even though generalist species are better 

survivors in fluctuating environments, a large amount of specialist species in 

Las Cañadas can be explained by the morphological, physiological and 

behavioral adaptations that are necessary for survival in harsh environments at 

high altitude (Hoback & Stanley 2001; Schippers et al. 2012). The relatively 
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high number of observed specialist species can also be explained by the 

population dynamics of species in Las Cañadas. The insects of Las Cañadas 

have a population structure with high peaks of individuals within a relatively 

short period of time (Padilla et al. 2009). There is a chance that the species do 

not occur at the same time if the population structure of plants and their 

flowering season follows the same pattern. Thus, some generalist species turn 

out to be specialist species because they do not occur at the same time as the 

species which they can make interactions with. To cope with this problem data 

sampling is needed for many years. 

It is a characteristic to heterogeneous networks that they have many 

species with few interactions and few species with many interactions. The 

illustration of degree distribution by the first method shows that these 

ecological networks are heterogeneous. Thus, the networks of this study share 

the typical pattern of complex networks in the literature (e.g. Vázquez et al. 

2002; Bascompte & Jordano 2007).  

In the second method the cumulative degree distributions were 

analyzed and the truncated power law resulted in the best fits describing the 

topology pattern of the bipartite networks. This result is in accordance with 

another study showing that truncated power law is the predominant pattern in 

ecological networks (Jordano et al. 2003). These patterns indicate that 

generalistic species with extremely high linkage level do not exist or is very 

rare in ecological networks. The power law function is the best fit in a few 

cases, mostly in the predator trophic level. This result could be a reflection of 

the relatively low interaction numbers in the network and that the sampling 

method is predator-centric. Sampling methods focused on predators 

accumulate relatively more interactions per predator species than per prey 

species, which increases the number of super-generalistic predator species 

(Rasmussen et al. 2012).  

So the analysis of the degree distributions of the networks showed that 

the networks are heterogeneous and follow a truncated power law, which in an 



	   29	  

evolutionary perspective shows that addition of new species follows 

preferential attachment.   

 

All of the networks in this study express a nested pattern. Thus, the 

specialized species interact with a subset of the species with which the 

generalist species of Las Cañadas interact. As expected for ecological networks 

none of the analyzed networks expressed a perfectly nested pattern and the 

networks contained unexpected presences and absences. Unexpected absences 

of interactions are found between generalist species that are expected to 

interact with each other. Some of the absences of interactions between these 

species can be explained by morphological and behavioral constraints while 

focusing data collection on the species could reveal missing ones. The 

unexpected present interactions are found between specialist species and can 

be explained by the coevolution of morphological traits between species 

(Thompson & Cunningham 2002). The nested pattern of the networks together 

with the preferential attachment strategy of species could demonstrate the 

presence of newly invading species, which first interact with generalist species 

and then adapt to interact with some of the more specialized species. 

 

In this study all networks except the maximum pollinator-plant network are 

modular and significantly different from random networks. This finding 

contradicts previous findings showing that all pollination networks containing 

over 150 species is modular (Olesen et al. 2007). The maximum networks of this 

study include interactions that need confirmation, which could be the 

explanation of this inconsistency.  

 Modularity and connectance influence the stability of networks. In 

networks with the same connectance value modular networks will be more 

stabile as long as the modules are not too tight (May 1972; Pimm 1979). The 

connectance will affect the stability of ecological networks in a negative way, 

meaning that high connectance values contribute to instability of the network 
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(May 1972). Thus, the stability of a network depends more on the distribution 

pattern of interactions than on the amount of interactions.  

4.1 Functional roles and keystone species 

In the predator-prey network no super-generalistic species are found, which 

could be explained by a large size differences between species. Super-

generalist predator species are not expected in networks including large size 

differences between prey species because the predators actively choose their 

prey to optimize their energy intake when handling time is taken into account 

(Werner & Hall 1974). The predator-prey network of Las Cañadas includes 

both predator and prey species that range from small insects to larger birds.  

In the minimum predator-prey network the identified keystone species 

belong to either role three or five. The single connector species (role 3) is 

identified as the Mus musculus. This species is the house mouse and functions 

as prey for many of the bigger predators. This species could be a keystone 

species because it is breeding throughout the year, has a high reproduction 

rate, can survive in cold environments and is the optimal energy source for the 

larger predators in Las Cañadas (Laurie 1946; Brown 1953).  

A few species are identified as modules hubs (role 5) including two of 

the predator species that were the focus of the fieldwork in this study 

Aculepeira annulipes and Falco tinnunculus. The F. tinnunculus is a keystone 

species that is not very abundant in Las Cañadas. A possible explanation of the 

importance of this species could be that it has a relatively large hunting area 

and can consume prey of many different sizes. The spider A. annulipes catches 

its prey with a web and therefore do not actively search and choose its prey. 

Thus, this predator is limited to prey that is caught in its web and prey that do 

not have anti-predation mechanisms, which cause a substantial risk for the 

spider (Roth & Eisner 1962; Glendinning 2007). Besides the fact that it is a very 

abundant species it can be a keystone species because of its foraging strategy. 

This strategy enables the spider to catch preys that do not have many natural 

predators with active prey selection. Their webs are usually placed in plants 

that contain many flowers, which attract many different species and thereby 



	   31	  

also many potential interactions. The last keystone species explained for this 

network is the bat species Plecotus teneriffae. This species is hunting during the 

night-time and therefore prey upon species that is active at this time. It also 

has a relatively large spectrum of prey sizes.  

 The predator-prey networks contain a high number of satellite 

species. This pattern could be explained by the difficulty to collect interactions 

from predators and ideally monitoring of prey species and detection of the 

predators eating them could change this pattern. The identification of 

keystone species could be affected by the difficulty in collecting interactions of 

the prey species and more fieldwork could enhance the modules.  

 

There is no super generalist species in the minimum herbivore-plant 

network, but the rabbit (Oryctolagus cuniculus) and muflon (Ovis orientalis) are 

close to being super generalists and are actually super generalist species in the 

maximum herbivore-plant network. These species are some of the biggest 

herbivore species in the network and therefore have a large energy 

requirement. The large energy requirement could be an explanation for their 

functional roles, because the energy output and digestion time of plants are 

low compared to meat, so they need to consume larger quantities of plant 

material (Boyd 1971). It is typical for animals to exploit an area for food before 

leaving to another feeding patch (Charnov 1976). If there is a great variety of 

plant species within their feeding patches and they are not restricted to 

consume certain plant species or plant parts, they can become super generalist 

herbivores. The O. orientalis is not restricted to certain plant parts or species 

and often eat whole plants and most of the leaves on bushes. Another 

explanation can be that the plant community of Las Cañadas consists of 

bothperennial and annual species. The annual species do not have green parts 

during the winter while the perennial species keep their leaves all year around. 

Since the O. cuniculus and O. orientalis do not hibernate during winter they 

need to consume the available species at that time and when the annual 

species start growing they can choose to eat the most energetically profitable 
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species. These species are introduced and affect the original ecological 

network by reducing the population of endemic species in a worst-case 

scenario the population reduction can bring endangered plant species to 

extinction. Especially the rabbit can threaten the ecosystem because it is very 

abundant. 

 

The connector species of the pollinator-plant network belong primarily to the 

order Diptera. Species of this order have one pair of wings and are very mobile 

which allow these insects to visit many different plant species. Thus, the ability 

to fly and thereby achieve a huge feeding range could explain their functional 

role in the network. There are two species of Lepidoptera that connect the 

different modules in the network, Cyclyrius webbianus and Alucita canariensis. 

The first is a very abundant butterfly and interacts with many of the plants 

during the day. The second is a common moth and the connector role could 

be explained by the possibility that it is the most abundant night active 

Lepidoptera. Both of these two species are connectors and generalists, but 

they are active during different time periods. 

The plants identified as keystone species are mainly the very abundant 

species. There are also a few species that are not abundant but have important 

functional roles in the structure of the networks. The Mentha longifolia and 

Echium auberianum are not abundant in Las Cañadas, but still they are 

important. There are several factors that could explain their structural roles of 

the networks. The functional role of M. longifolia could be explained by its 

requirement of easily accessible water. Animals that are dependent on running 

water within a relative short range could survive by foraging on this plant and 

species, which come to the area for water, can forage there as well. The M. 

longifolia have many flowers that reduce the competition between foraging 

animal species and thereby allowing foraging of a great variety of species. The 

distribution of the plant E. auberianum is limited to a few locations throughout 

the park and during some periods of the year it is the only plant with flowers 

at these locations. This could explain why this species becomes a keystone 
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species, because the nectar drinkers and pollinators restricted to these 

localities do not have any other option than to forage from this plant. Thus, E. 

auberianum is very important for its own module but also for species in other 

modules in periods with a few flowering plant species.  

The endemic satellite species are of great importance in conservation 

biology because specialist species that interact with other specialist species are 

expected to have higher extinction rates (Ollerton et al. 2003). These species 

should be the focus of more data collection to prove that they actually do not 

interact with more species. 

 Salix canariensis is a satellite species in the minimum pollinator-plant 

network. I did not conduct any surveys of this plant while it was in flower, 

which explains the functional role of this species in this particular network. 

The revealed patterns and identification of keystone species can be 

explained by abundance, topographical position, morphological constrains, 

foraging strategy and periods of activity.  

 

Finally a discussion of the different software programs used for visualizations 

in this study is provided. Based on my positive and negative experiences with 

the different visualization tools (Appendix III) I highly recommend the 

software Cytoscape for future visualizations. Cytoscape has a user-friendly 

surface that allows inexperienced network scientists to create good 

visualizations and analyses of their networks (Cline et al. 2007). In cases where 

the build-in functions are not adequate, Java programmers can add their own 

plugins to the program. Several plugins can also be found on the Internet. To 

create 3D visualizations of bipartite networks and networks with cannibalistic 

interactions I recommend Network3D. This software is still under 

development and hopefully the final version will be better able to cope with 

networks containing multiple trophic levels.  
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5.0 Conclusion 

The high mountain ecological network of Las Cañadas shows the typical 

patterns of heterogeneity, nestedness and modularity. Furthermore it contains 

trophic levels with a few species of plants and predators compared to the 

intermediate trophic level of pollinators and herbivores. The species 

composition and network structure are affected by the relative young age of 

Tenerife. The linkage level of this ecological network supports the theory that 

species within larger networks interact with more species. The harsh 

environment of Las Cañadas alters the population dynamic and the foraging 

behavior of species so that more specialist species exist than expected. The 

degree distribution revealed a pattern of truncated power law, which indicates 

that species have preferential attachment. Keystone species of ecological 

networks are important for several different ecological reasons including 

abundance, topographical position, morphological constraints, foraging 

strategy and periods of activity. The cartographic method is an excellent tool to 

identify keystone species independent of their ecology. The stability of the 

network is better explained by the pattern than by the quantity of interactions 

and species. Finally more fieldwork is required to verify interactions recorded 

in the literature and to discover new and rare interactions.  
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