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Abstract: 

Despite recent advances in applying networks to study ecological systems, 
most of the network datasets are built attending only to a single type of 
interaction between nodes, which can be an oversimplification. In the 
present work, we built ecological networks that had positive and negative 
links for multiple plant communities based on the local spatial association 
between species. Then, we evaluated whether those networks were in 
balance, a hypothesis commonly formulated for real signed graphs but 
never tested in systems other than social networks. Specifically, we 
quantified the global and the local structural balance in the networks. We 
found that plant community networks were more balanced than expected 
by chance, and that this pattern was due to a large number of balanced 
triads to the detriment of unbalanced ones. Furthermore, this pattern was 
consistent among all of the types of the plant communities examined, 
which suggests that configurations that promote structural balance might 
be common in ecological signed networks. We also found that almost all 
networks had some unbalanced components, which might be responsible 
for the adaptation of the system. Mechanisms behind these structure and 
possible applications for community ecology are discussed. Our results 
encourage testing structural balance in other ecological networks to 
confirm if it is a widespread architecture of natural systems. 
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Abstract 15 

Despite recent advances in applying networks to study ecological systems, most of the 16 

network datasets are built attending only to a single type of interaction between nodes, which 17 

can be an oversimplification. In the present work, we built ecological networks that had 18 

positive and negative links for multiple plant communities based on the local spatial 19 

association between species. Then, we evaluated whether those networks were in balance, a 20 

hypothesis commonly formulated for real signed graphs but never tested in systems other than 21 

social networks. Specifically, we quantified the global and the local structural balance in the 22 

networks. We found that plant community networks were more balanced than expected by 23 

chance, and that this pattern was due to a large number of balanced triads to the detriment of 24 

unbalanced ones. Furthermore, this pattern was consistent among all of the types of the plant 25 

communities examined, which suggests that configurations that promote structural balance 26 

might be common in ecological signed networks. We also found that almost all networks had 27 

some unbalanced components, which might be responsible for the adaptation of the system. 28 

Mechanisms behind these structure and possible applications for community ecology are 29 

discussed. Our results encourage testing structural balance in other ecological networks to 30 

confirm if it is a widespread architecture of natural systems. 31 

Keywords: spatial ecological networks, signed networks, structural balance.32 
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Introduction 33 

The use of network science to study ecological communities has become a rising trend in 34 

recent times (Heleno et al. 2014, Kissling and Schleuning 2015). Networks allow the analysis 35 

of the interaction patterns among the elements of complex systems (Albert and Barabási 2002, 36 

Newman 2003) and the role of  the structural organization in the functioning of these systems 37 

(Boccaletti et al. 2006). Thus, it is not surprising that networks are nowadays a common tool 38 

to study the organization of biotic interactions in real ecosystems (Ings et al. 2009). However, 39 

despite of the advances achieved by applying networks to ecosystems, most of the ecological 40 

networks are usually built attending only to one particular type of interaction between species, 41 

which could frequently represent an oversimplification of the true functioning of real 42 

communities.  43 

In ecological communities, living organisms can interact with others positively (e.g., 44 

mutualistic and facilitative interactions) or negatively (e.g., competitive and parasitic 45 

interactions); and commonly these types of interactions occur at the same time within a given 46 

community (Kéfi et al. 2012, 2015). In ecology, however, there have been few empirical 47 

examples that have considered multiple types of interactions within the same network, 48 

probably because of the high logistic effort involved in documenting all of the potential 49 

interactions present within a community (Melián et al. 2009, Pocock et al. 2012). 50 

Furthermore, the analysis of these networks presents some difficulties over the analysis of 51 

networks with only one type of interactions, being necessary the use of new methodologies or 52 

theoretical frameworks (like the use of multilayer networks, Mucha et al. 2010, Boccaletti et 53 

al. 2014, Kivelä et al. 2014). Networks which include positive and negative links are called 54 

signed networks and have been mostly considered theoretically (Harary and others 1953, 55 

Zaslavsky 1982, Traag and Bruggeman 2009) and used to study social networks (Leskovec et 56 
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al. 2010, Szell and Thurner 2010, Szell et al. 2010, Facchetti et al. 2011), while being ignored 57 

in other contexts such as ecological systems. 58 

Signed networks exhibit a property called structural balance, which is based on how nodes 59 

organize in subgroups within the network (Cartwright and Harary 1956). A signed network is 60 

said to be balanced if it can be partitioned into groups of nodes in such a way that (i) every 61 

pair of connected nodes within the same group share a positive link, and (ii) links between 62 

nodes within different groups have a negative sign (Doreian and Mrvar 2009). Structural 63 

balance is associated with the resilience of social networks because it prevents the appearance 64 

of conflicts that might disrupt the system (Cartwright and Harary 1956). However, real 65 

networks rarely organize in a perfectly balanced way (i.e., some links do not fulfill the 66 

criterion for structural balance), and the deviation from perfect balance is called ‘frustration’ 67 

(Doreian and Mrvar 2009). Specifically, frustration appears when there are negative links 68 

between nodes within the same group, or when there are positive links between nodes from 69 

different groups (Traag and Bruggeman 2009). Previous studies have shown that social 70 

systems (both human and animals) are more balanced (i.e., exhibit less frustration) than is 71 

expected by chance, and some have hypothesized that the evolution of the system encourages 72 

cooperation and promotes stability by removing these unbalanced links (Szell et al. 2010, 73 

Facchetti et al. 2011, Ilany et al. 2013, Estrada and Benzi 2014). However, the scarcity of real 74 

signed networks has hampered the evaluation of this hypothesis in other systems apart from 75 

social networks (but see Altafini et al. 2010 for a similar approach in metabolic networks).   76 

Recent advances in the use of spatial networks provide a good milieu for evaluating the 77 

balance in real signed networks in ecology. Spatial networks use the data of spatial co-78 

occurrences between species to address possible interactions between them (Araújo et al. 79 

2011, Araújo and Rozenfeld 2014, Morales-Castilla et al. 2015). The spatial distribution of 80 

species arise from different mechanisms including biotic interactions, dispersal patterns and 81 
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environmental heterogeneity (Pearson and Dawson 2003, Escudero et al. 2005). However, 82 

each mechanism operates differently at different spatial scales, with biotic interactions being 83 

recognized as one of the fundamental drivers of spatial pattern at local scales (Pearson and 84 

Dawson 2003, Araújo and Rozenfeld 2014). Thus, if the considered scale is fine enough, it is 85 

possible to approximate biotic interactions as one of the principal drivers of spatial pattern.  86 

The relationship between biotic interactions and spatial pattern becomes more important for 87 

sessile organisms like plant species, which interact positively and negatively with other plants 88 

in their immediate neighboring. For example, plants can benefit from the microenvironments 89 

created by other species, which can present more favorable conditions and increase plants 90 

survivability (i.e., facilitation through habitat amelioration, Bruno et al., 2003); and plants that 91 

are pollinated by animals can form clusters to attract more pollinators and improve plants 92 

reproductive success (i.e., facilitation through “magnet species effect”, Johnson et al. 2003). 93 

On the other hand, plants can compete among them for space and resources (Tilman 1981); or 94 

impede the persistence of others plants by producing chemical compounds (i.e. allellopathy, 95 

Wardle et al. 2011). Most of plant interactions occur at a local scale and affect the spatial 96 

distribution of species (Wu et al. 1985), such as that it is possible to establish a relationship 97 

between the ways in which species associate in space and how they interact. Thus, when two 98 

species occur together in space more often than is expected by chance, a benefit for at least 99 

one of the species can be inferred from that positive association (+, 0/+ interaction); however, 100 

if two species co-occur in space less than expected, interference between them might be 101 

inferred (-/- interaction) (Tilman and Kareiva 1997, Tirado and Pugnaire 2005)(Tilman and 102 

Kareiva 1997, Tirado and I Pugnaire 2005). Analysis of the spatial pattern among plant 103 

species has been proved to be a valuable tool to study ecological communities and has been 104 

successfully applied to study the ecological interactions within them (Cavieres et al. 2006, 105 

Raventós et al. 2010, Verdú and Valiente-Banuet 2011, Saiz and Alados 2012). 106 

Field Code Changed
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In the present study we built ecological signed networks based on the local spatial association 107 

between pairs of plant species, and evaluated the structural balance of these networks. For 108 

that, we built 31 networks based on data from several plant communities in Spain, including 109 

grasslands, shrublands and forests from Mediterranean and alpine environments. For each 110 

network we quantified properties associated with structural balance, such as network 111 

frustration and the proportion of each type of complete triads, which are fully connected 112 

subgraphs of three nodes within the network (Estrada 2011). While the study of network 113 

frustration informs about the balance of the whole system, the study of subgroups within 114 

networks (such as triads) provides information about the local organization of links within the 115 

system (Stouffer 2010, Szell et al. 2010)(Szell et al. 2010, Stouffer 2010). We hypothesize 116 

that, if real signed networks promotes the existence of balanced structures, ecological 117 

networks should present low frustration and the triads which promote balance should be 118 

preferentially selected over the triads which do not. Specifically, we predict that, 119 

independently of the type of plant community, plant spatial association networks would 120 

exhibit less frustration and more triads which promote balance than expected by chance. To 121 

our knowledge, this is the first time that one study investigates the presence of structural 122 

balance in an ecological network (but see Saiz et al. 2014 for an example of block-partitioning 123 

in an ecological network based on structural balance criterion). 124 

 125 

Methods 126 

Vegetation survey 127 

We built plant spatial association networks based on vegetation data collected at four 128 

locations in Spain that differed in abiotic and biotic conditions (Table 1). To avoid possible 129 

confounding factors, all of the analyzed plant communities were in a good state of 130 

conservation and did not present significant levels of disturbance. At each location different 131 
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sites were surveyed and one network was created for each site (ranging from 6 to 10 networks 132 

at each location). Vegetation was surveyed using the point-intercept method (Goodall 1952), 133 

and, to minimize limitations to accountoverlooking rare species (van der Maarel and Franklin 134 

2012), at each site we recorded a large number of points (3750 to 10000 points). Specifically, 135 

at each site linear transects were established perpendicular to the slope and, at points 136 

separated by 20-cm intervals in grasslands and shrublands, and at 40-cm intervals in forests, 137 

we documented the plants that were in contact with the transect line. For each species, the 138 

total number of occurrences (ni) and their position along the transects were recorded without 139 

distinguishing between plants life stages. 140 

 141 

Network construction 142 

For each of the 31 sites, one signed network was built based on the data from all the transects. 143 

In those networks, plant species were the nodes (i, j) and the spatial association between each 144 

pair of species in the adjacency matrix A were the links (lij), which can have positive or 145 

negative values. Spatial association was calculated comparing the number of times that two 146 

species i and j appeared at the same point on the transects (i.e. number of real spatial co-147 

occurrences; aij), and the expected number of co-occurrences based on the total occurrences of 148 

the two species (eij = ni/T × nj/T × T, i.e., the probability of both species occurring at the same 149 

point multiplied by the total number of points surveyed in the site, T). If real spatial co-150 

occurrences were significantly higher or lower than a 95% confidence interval of a Poisson 151 

distribution fitted with the expected co-occurrences, a positive or negative (lij = +1/-1) link 152 

between species was indicated, while if real co-occurrences were not different to the 153 

confidence interval a neutral association (lij = 0, absence of link) was indicated. As we only 154 

recorded the presence of species at each point, we could not evaluate the intra-specific 155 

association, and so, the diagonal of A was set to zero. 156 
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Although spatial association has been commonly employed as a proxy of real biotic 157 

interactions, its use is not exempt of criticism. For example, plants spatial patterns are 158 

influenced by factors other than biotic interactions, like plant dispersal strategies (Escudero et 159 

al. 2005), and environmental heterogeneity (Getzin et al. 2008), which could also lead also to 160 

non- neutral association patterns. Nevertheless, the importance of each of these factors is 161 

dependent on the particular spatial scale considered in the study, with biotic interactions being 162 

dominant at local scales (Pearson and Dawson 2003, Araújo and Rozenfeld 2014, Morales-163 

Castilla et al. 2015). Thus, we measured the spatial association in a similar scale to that in 164 

other works studying biotic interactions at community level (Cavieres et al. 2006, Raventós et 165 

al. 2010, Verdú and Valiente-Banuet 2011). Other possible limitation is that parasitic 166 

interactions result in a positive spatial association in while which one species gets benefits in 167 

detriment of the other (+/- interaction,) (Morales-Castilla et al. 2015). Therefore, 168 

differentiating between facilitation and parasitism in the network could not be possible. To 169 

avoid this possible source of error and considering that we only recorded one parasitic species 170 

in one of the sites, we decided to directly exclude that species from the network (but this 171 

could be more problematic in plant communities with higher presence of parasitic species). 172 

Taking into account these considerations, we believe that networks based on plant spatial 173 

associations at local scale are a valid method to approximate the structure of interactions in 174 

plant communities.    175 

 176 

Computing structural balance 177 

A partition of a network in is defined by a set of m (1 ≤ m ≤ N) groups (or modules) so that 178 

each of the nodes is assigned to one (and only one) group. The problem of evaluating the 179 

structural balance in a signed network consists in finding the partition that maximizes 180 

(minimizes) the number of positive (negative) links between the nodes belonging to the same 181 
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group. This problem strongly resembles that of finding the community structure of a network, 182 

since in both problems the number of groups and their respective sizes are unknown. Below, 183 

we show how we searched for the partitions that were closest to structural balance. 184 

First, we exploited the resemblance between the problem of finding structurally balanced 185 

partitions and that of community detection. Specifically, we used Modularity Optimization, 186 

the most commonly used framework in studies of community detection (Fortunato 2010). For 187 

unsigned networks, Modularity Optimization allows the clustering of nodes based on the link 188 

densities within and between communities. The partitions of a network that exhibit high 189 

modularity present dense connections between nodes within the same module and sparse 190 

connections between nodes in different modules (Newman 2006). Mathematically, being A = 191 

{Aij} the Adjacency matrix of a network, the modularity is given by: 192 

� = �
��∑ ∑ ��	
 − �
��

�� �
 ���	 , �
�	 ,  (1) 193 

where �	 = ∑ �	

 is the degree of node i and L is the total number of links in the network 194 

2� = ∑ �		 = ∑ ∑ �	

	 . In addition, Ci denotes the module that contains node i, and the 195 

function δ(x,y) is the Kronecker delta function defined as δ(x,y) = 1 when x = y, and δ(x,y) = 0 196 

otherwise. 197 

For signed networks, Gómez and collaborators (Gómez et al. 2009) proposed a generalization 198 

of Eq. (1) that takes into account both types of links: 199 

� = �
�������∑ ∑ ��	
 − ��


����
��� −

�
����
��� ��
 ���	, �
�	 ,  (2) 200 

where �	� = ∑ �	
�
 and �	 = ∑ �	
 
 are the number of positive and negative links on node i 201 

(where A
+
 and A

-
 are the Adjacency matrices that contain those positive and negative links, 202 

respectively), and L+ and L- are the total number of positive and negative links in the network. 203 

To find the partition that maximize Eq. (2), we used the deterministic algorithm in Xue et al. 204 

(2014). However, because the modularity function focuses on maximizing the density of 205 
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positive links within a module rather than minimizing the number of negative links between 206 

nodes within the same group, the partition obtained is not the one that yields the maximum 207 

structural balance. Therefore, we used the partition obtained by maximizing Eq. (2) as the 208 

initial condition for another optimization method which maximized the positive and 209 

minimized the negative connections within modules. 210 

Given a partition of a signed network, such as the one obtained by maximizing Eq. (2), we 211 

quantified the extent to which this partition departed from perfect structural balance, which 212 

can be done by counting the number of links that contribute to frustration, i.e., the number of 213 

positive links between groups and the number of negative links within groups. 214 

Namely, consider a network partition of a network that is described by an Adjacency matrix 215 

A. The frustration of this partition is: 216 

! = ∑ ∑ �"−#�	
�	
 + %�1 − '�	
'�	
�(���	 , �
� + )�	
� �1 − ���	, �
���
	 , (3) 217 

where a, b and % are constants. The first term in the double sum aims at penalizing both the 218 

existence of negative links (weighted with a) and the absence of a positive links (weighted 219 

with ) within a group. In addition, the second term (weighted with b) penalizes the existence 220 

of positive links between different groups 221 

The goal is to find the partition that minimizes Eq. (3) and, to this aim, by implementing a 222 

Simultated Annealing technique (Kirkpatrick et al. 1983), we find the partition that minimizes 223 

function F starting from the partition that maximizes Q. The combination of those two 224 

optimization processes allowed us to reduce considerably the computational time of the 225 

partitions obtained compared to those of other methods (Traag and Bruggeman 2009). Those 226 

improvements occur because the partition obtained by maximizing Q is very close to the final 227 

one and the computational cost associated with it is much smaller than is the one associated 228 

with minimizing F. 229 

Page 11 of 35 Ecography



For Review
 O

nly

11 

 

We also calculated the proportion of each type of fully connected subgroup of three nodes 230 

within the network (i.e. triads, Estrada 2011). In undirected signed networks, there can be four 231 

types of complete triads that differ based on the sign of the three links: (+ + +), (+ + -), (+ - -) 232 

and (- - -). The proportions of each type of triad have been used to study the structural balance 233 

of signed graphs because they relate to the local balance within the system (Szell et al. 2010). 234 

Specifically, (+ + +) and (+ - -) are considered balanced triads because they allow the 235 

partitioning of nodes fulfilling the structural balance criterion (sensu, nodes can be divided in 236 

groups such that links within a group are positive while links between groups are negative); 237 

while (+ + -) and (- - -) are considered unbalanced because they do not fulfill that criterion 238 

(although it has been proposed that (- - -) triad can be considered balanced based on a 239 

‘relaxed’ structural balance criterion Kulakowski 2006). In our case, triads represent the 240 

possible spatial association between groups of three plant species (Figure 1). The (+ + +) triad 241 

corresponds to a group of three species which appear associated in space, and the (+ - -) triad 242 

corresponds to a pair of species which associate between them while segregate to another 243 

different one. On the other hand, the (+ + -) triad stands for two species which segregate 244 

between them but both associate to another species, and the (- - -) represents three species 245 

which segregate from each other. 246 

  247 

Network parameters and analysis 248 

For each signed network, we calculated the size (S), connectance of positive (C
+
 = 2L

+
/(S(S-249 

1), diagonal of the matrix is always zero) and negative links (C- = 2L-/(S(S-1)), and ratio 250 

between positive and negative links (* = +�� − � , +�� + � ,⁄ ). To evaluate structural 251 

balance, we also calculated system frustration as the proportion of unbalanced links in the 252 

network (FL = F/L), and the proportion of each type of triad. As differences in connectivity 253 

patterns might lead to differences in the mechanisms behind networks organization (Newman 254 
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2002), we used a Pearson test to assess whether there were significant correlations between 255 

networks parameters and FL and the proportion of each type of triads (Sokal and Rohlf 1995).   256 

To assess whether real networks were in balance, for each real network, we simulated 10000 257 

networks that had the same degree distribution as did the original graph. Furthermore, those 258 

null networks presented the same positive and negative degree sequences so that the number 259 

of positive and negative links, �	� and �	 , that each node i shared with the rest of the system 260 

remained the same as it was in the real network. To that end, we generalized the method for 261 

randomizing unsigned networks introduced by (Maslov and Sneppen (2002) so that it could 262 

be applied to signed networks. The generalized method starts with the original (real) graph 263 

and proceeds as an iterative process. At each step, two pairs (i,j) and (l,m) of connected nodes 264 

are chosen randomly. In our case, those two links had to have the same sign. Then, partners 265 

are switched and, after deleting the previous two links, we set (i,m) and (l,j) as the new edges 266 

(with the same sign as the previous ones) provided neither of the new links are already present 267 

in the network. By repeating this step a number of 4L times we generate a null network in 268 

which any kind of structural correlation in the original graph is removed. 269 

We tested the balance in real networks in two ways. First, we compared the real F and 270 

proportions of each type of triad against a simulated 95% confidence interval. Values were 271 

significantly higher than expected if real values were higher than 95% of the simulated values, 272 

and significantly lower than expected if values were lower than 95% of the simulated values, 273 

which allowed us to assess how common were balanced plant communities. Second, we 274 

compared the same real values to the mean of simulated values using a linear-model ANOVA 275 

for repeated measures that included location, type of network (real vs. simulated) and the 276 

interaction of the two as explanatory variables. Thus, it was possible to test whether real plant 277 

communities were more balanced than expected, and whether this balance differed 278 

significantly among the types of plant communities.   279 
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 280 

Results 281 

Plant-plant spatial association networks 282 

All of the parameters in the plant spatial association networks exhibited a wide range of 283 

values (Table 2). In general, positive links were more common than were negative links, but 284 

there were networks in which the reverse was true (8 of 31 networks, 26%, presented R < 0). 285 

Furthermore, there was no significant correlation between any of the network parameters and 286 

FL, which suggests that unbalanced links arise from mechanisms unassociated with network 287 

connectivity. On the other hand, the correlations between the proportions of triads of each 288 

type and R were significant. This result was expected as (Leskovec et al. 2010) showed that, 289 

in a complete network, the probability of finding a triad of a given type is correlated to the 290 

proportion of positive and negative links in the system.    291 

   292 

Structural balance in plant-plant networks 293 

Plant spatial association networks were significantly more balanced than expected when 294 

compared against random networks (i.e. exhibited significantly less frustration, F-value = 295 

38.41, p<0.001, Figure 2). Linear-model ANOVA did not reveal any significant effect of 296 

location or of the interaction between location and type of network, which suggests that in 297 

general, the interactions associations in plant communities were organized in a way that 298 

promoted structural balance. Specifically, real networks had 4% more balanced links than 299 

expected (FL 
real - FL sim random = -0.043) and 21 of 31 networks (68%) were significantly more 300 

balanced than expected. Furthermore, none of the real networks exhibited more frustration 301 

than expected (Figure 2).  302 

The high balance in real networks was because ofdue to the high abundance of balanced triads 303 

(+ + +, + - -) to the detriment of unbalanced triads (+ + -, - - -). Specifically, (+ + +) and (+ - -304 
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) triads were significantly more common (+ + +, F-value = 61.69, p < 0.001; + - -, F-value = 305 

59.76, p < 0.001), and (+ + -) and (- - -) triads were significantly less common than expected 306 

(+ + -, F-value = 30, p < 0.001; - - -, F-value = 79.64, p < 0.001, Figure 3). Location had a 307 

significant effect on the proportion of (+ + -) and (+ - -) triads (+ + -, F-value = 8.46, p < 308 

0.001; + - -, F-value = 9.19, p < 0.001, Figure 3); however, as the proportion of each type of 309 

triad is correlated to the proportion of positive and negative links in a network, this result 310 

might have been influenced by the differences in the R values at each location (Table 2, 311 

networks in Monegros exhibited high R value, together with high proportion of positive links, 312 

(+ + +) and (+ + -) triads, and low proportion of (+ - -) and (- - -) triads, Figure 4). 313 

Furthermore, 26 of 31 real networks exhibited at least one type of triad that differed 314 

significantly from the expected (65% of the networks presented more (+ + +) triads than 315 

expected; 58% presented less (+ + -) triads; 65% presented more (+ - -) triads; and 74% 316 

presented more less (- - -) triads), and no networks had triads that exhibited the reverse pattern 317 

(i.e., balanced triads were always more common than or as common as expected, while 318 

unbalanced triads were always less common than or as common as expected).  319 

 320 

Discussion  321 

Studies of structural balance in real signed networks have shown that signed interactions are 322 

not organized randomly, but networks can be divided into blocks such that links among nodes 323 

within a block are positives while links between groups are negatives (Cartwright and Harary 324 

1956). We found that one ecological system, the network formed by the biotic interactions 325 

among plant species derived from their spatial association, also presented this organization in 326 

different types of plant communities. This result suggests that organizations which promote 327 

structural balance might be the norm in plant communities and an interesting structure to 328 

evaluate in real networks with signed links.  329 
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Structural balance has been mostly tested in social networks. Social theory posits that links 330 

involved in conflict relationships decrease as the frequency of interactions among social 331 

groups increase (Pettigrew and Tropp 2006), and hypothesizes that balance in social networks 332 

increases over time (Doreian and Krackhardt 2001, Marvel et al. 2011). Our study expands 333 

this theory to another type of real system, and presents balanced structures as a common 334 

configuration for real signed networks. Mature ecological networks have been proposed as 335 

examples of real systems that are robust and efficient (Arditi et al. 2005, Estrada 2006). 336 

Ecologists suggest that ecological communities present common patterns (Sugihara et al. 337 

1989), converge to common functional structures (Fukami et al. 2005), and increase their 338 

stability throughout succession (Neutel et al. 2007); resulting in common network 339 

architectures that increase the robustness of natural communities. Those architectures can 340 

change depending on the type of interaction considered, with nested patterns associated to 341 

mutualistic systems, and the presence of modules associated to herbivory networks (Thébault 342 

and Fontaine 2010). Thus, an architecture that promotes structural balance is possible to be a 343 

robust organization for networks with positive and negative links.  344 

An important question in the study of systems that have positive and negative links is what 345 

the mechanisms that underlie the emergence of structural balance are. In sociology, structural 346 

balance is the result of general processes in which actors change their social arrangements to 347 

reduce unbalance. Usually, those processes operate at two levels: node level, including 348 

specific decisions by individual actors; and system level, presenting group behaviors that 349 

constrain individual decisions to minimize tensions within social groups (Hummon and 350 

Doreian 2003). In ecological systems these two levels also exist. At species level processes 351 

such as niche partitioning (i.e., species differentiate to occupy different niches and minimize 352 

competition, Wisheu 1998) can play a major role in determining the interactions in the system 353 

(e.g., by promoting positive interactions between the species that exploit different niches, 354 
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Verdú and Valiente-Banuet 2011). On the other hand, at the system level, evolution constrains 355 

the possible interaction patterns in the network by selecting the species and interactions that 356 

are more successful each time (e.g., by selecting the traits responsible of the “forbidden links” 357 

in the community, Bascompte and Jordano 2007). In fact, species traits and phylogeny have a 358 

major role in ecological networks organization (Vázquez et al. 2009, Verdú and Valiente-359 

Banuet 2011, Maglianesi et al. 2014, Borrelli et al. 2015), which suggests that species 360 

characteristics and diversification processes shape interactions in ecological communities. 361 

Specifically in our case, plant spatial association networks represent the different types of 362 

vegetation patches which can be found in the ecosystem. Results support the idea that multi-363 

specific patches are common in plant communities (Tirado and Pugnaire 2005, Cavieres et al. 364 

2006). Studies on facilitation have revealed that positive interactions between plants are not 365 

specific, but many species benefit from the direct facilitation of the so-called ‘nurse’ species 366 

(Maestre and Cortina 2005, Verdú et al. 2008). Thus, this results in a positive association 367 

between several species coexisting under the same nurse. Furthermore, this species will also 368 

segregate from the species segregating from the nurses, which explain the high proportion of 369 

(+ - -) triads. On the other hand, communities showed a low number of unbalanced triads. 370 

These triads represent groups of three species competing for the same space, either competing 371 

among all of them (- - -), or competing for the space provided by a ‘nurse’ (+ + -). 372 

Competitive models predict that best competitors will outcompete other species, relegating 373 

them to the gaps where it is not present and eventually excluding them from the community 374 

(Tilman and Kareiva 1997, Chesson 2000). Therefore, in our plant communities the low 375 

proportion of unbalance triads could be the result of this exclusion by better competitors 376 

(although this exclusion is not total, as almost all networks presented some unbalanced links). 377 

The inclusion of intra-specific associations and differences in the ontogenetic stages of plant 378 
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species could provide valuable information to link the results of local spatial networks to 379 

theoretical models on spatial coexistence.  380 

Our study unveils new possibilities in the study of ecological systems. First, it is necessary to 381 

study explicitly the link between structural balance and the robustness of the network. Several 382 

studies on the dynamic of ecological networks have evaluated the role that positive and 383 

negative links have on the stability of the system, but always considering links at the whole 384 

system level (May 1972, Allesina and Tang 2012, Mougi and Kondoh 2012). It is possible 385 

that the particular organization of the links (e.g. minimizing the frustration) could play an 386 

important role in the robustness of ecological systems. On the other hand, studies in biotic 387 

interactions have suggested that including weighted and asymmetric interactions (the common 388 

case in real ecosystems) can have a significant effect in the structure of natural communities  389 

(Vázquez et al. 2012, Lin et al. 2012). Therefore, including strength and directions would 390 

provide a more realistic information about the actual role of balanced organizations. 391 

Furthermore, our results might encourage other researchers to evaluate structural balance in 392 

other biological systems (e.g., ecological networks that have multiple types of interactions, 393 

Kéfi et al. 2015; biochemical and neural networks that have activation-inhibition, Guelzim et 394 

al. 2002, Takahashi et al. 2010) to asses if it is a general architecture in signed networks. If so, 395 

it would be interesting to identify the functional traits related to balanced groups at species 396 

level, which would help in identifying the traits which play a major role maintaining the 397 

structure of the ecological networks (e.g. the importance of resistant plants in stressful 398 

environments, Saiz et al. 2014). Moreover, the analysis of species involved in unbalanced 399 

links could provide valuable information about the adaptability of the system, as it has been 400 

proposed that balanced structures are less likely to change (Doreian and Krackhardt 2001), 401 

and is through the unbalanced links that the system is able to adapt (Ilany et al. 2013). On the 402 

other hand, the study of structural balance throughout ecological succession or perturbation 403 
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gradients could identify the role of ecological mechanisms in the structural assemblage of real 404 

systems. If structural balance is a general architecture in ecological signed networks, then a 405 

set of fundamental rules could be defined to explain the structure and dynamics of real 406 

ecosystems and therefore, further the development of a general theory for community 407 

ecology. 408 
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Figure 1. Ecological meaning of triads in plant spatial association networks. Triads represent 581 

the spatial relationships among three different species. (a) Three species appear spatially 582 

associated in space, creating a multi-specific vegetation patch. (b) Two species segregate 583 

between them, but both positively associate to the third one. (c) Two species associate in 584 

space while segregate to the third one. (d) Three species spatially segregate from each other. It 585 

is important to note that (a) and (c) represented balanced triads, while (b) and (d) represent 586 

unbalanced ones. 587 

588 
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Figure 2. Proportion of unbalanced links in plant-plant spatial association networks. (Left). 589 

FL
Real

: proportion of unbalanced links in real network; FL
Random

: proportion of unbalanced 590 

links in random network. Values in the x-axis represent the ratio between FL
Real and FL

Random, 591 

and grey area represents the 95% confidence interval built according to random networks. 592 

Values lower than the confidence interval indicate that FL
Real < FL

Random, and values higher 593 

than confidence interval indicate FL
Real > FL

Random. Numbers in the y-axis represent the 31 594 

networks, sorted by increasing FL
Real

/FL
Random

. (Right). Difference between the mean 595 

proportion of unbalanced links in real and random networks. NReal = 31. Error bars represent 596 

the standard error of the difference between means. Real values are significantly lower than 597 

random values with a p-value < 0.001. 598 

599 
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Figure 3. Mean proportions of each type of triads in all the plant-plant spatial association 600 

networks. N
Real

 = 31. For each type of triad, real and random values are presented. Error bars 601 

represent the standard error of the differences between means. Real and random values are 602 

significantly different with a p-value < 0.001. 603 

604 
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Figure 4. Mean proportions of each type of triads in the plant-plant spatial association 605 

networks at four locations. N
Real

 = 6 for Monegros; N
Real

 = 7 for Cabo de Gata; N
Real

 = 10 for 606 

Guara; NReal = 8 for Ordesa-Monte Perdido. For each type of triad and location, real and 607 

random values are presented. Error bars represent the standard error of the differences 608 

between means at each location. At all locations, real and random values are significantly 609 

different with a p-value < 0.001. There is a significant effect of location for (+ + -) and (+ - -) 610 

triads (p < 0.001).  611 

612 
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Table 1. Characteristics of the locations of the vegetation surveys in Spain. 613 

Plant community, dominant plant community; Temperature, mean annual temperature; 614 

Precipitation, mean total annual precipitation. One network was built for each site based on 615 

the pooling of the data from all transects. Each location had +50% species unique to that 616 

location. Climatic data were obtained from (Ninyerola et al. (2005).    617 

618 
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Table 2. Plant-plant spatial association network indices for each location in Spain and their 619 

correlations with the proportion of unbalanced links and with each type of triad. 620 

S, network size; C+, connectance of positive links; C-, connectance of negative links; R, ratio 621 

of positive and negative links; FL, proportion of unbalanced links; + + +, proportion of (+ + +) 622 

triad; + + -, proportion of (+ + -) triad; + - -, proportion of (+ - -) triad; - - -, proportion of (- - -623 

) triad. Values are mean ± standard error. Significance of correlations is n.s. > 0.05, * < 0.05, 624 

** < 0.01, *** < 0.001. 625 
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Figure 1. Ecological meaning of triads in plant spatial association networks. Triads represent the spatial 
relationships among three different species. (a) Three species appear spatially associated in space, creating 
a multi-specific vegetation patch. (b) Two species segregate between them, but both positively associate to 

the third one. (c) Two species associate in space while segregate to the third one. (d) Three species spatially 
segregate from each other. It is important to note that (a) and (c) represented balanced triads, while (b) 

and (d) represent unbalanced ones.  
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Figure 2. Proportion of unbalanced links in plant-plant spatial association networks. (Left). FLReal: 
proportion of unbalanced links in real network; FLRandom: proportion of unbalanced links in random 

network. Values in the x-axis represent the ratio between FLReal and FLRandom, and grey area represents 

the 95% confidence interval built according to random networks. Values lower than the confidence interval 
indicate that FLReal < FLRandom, and values higher than confidence interval indicate FLReal > FLRandom. 

Numbers in the y-axis represent the 31 networks, sorted by increasing FLReal/FLRandom. (Right). 
Difference between the mean proportion of unbalanced links in real and random networks. NReal = 31. Error 
bars represent the standard error of the difference between means. Real values are significantly lower than 

random values with a p-value < 0.001.  
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Figure 3. Mean proportions of each type of triads in all the plant-plant spatial association networks. NReal = 
31. For each type of triad, real and random values are presented. Error bars represent the standard error of 
the differences between means. Real and random values are significantly different with a p-value < 0.001.  
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Figure 4. Mean proportions of each type of triads in the plant-plant spatial association networks at four 
locations. NReal = 6 for Monegros; NReal = 7 for Cabo de Gata; NReal = 10 for Guara; NReal = 8 for 

Ordesa-Monte Perdido. For each type of triad and location, real and random values are presented. Error bars 

represent the standard error of the differences between means at each location. At all locations, real and 
random values are significantly different with a p-value < 0.001. There is a significant effect of location for 

(+ + -) and (+ - -) triads (p < 0.001).  
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Table 1. 

Location Coordinates Plant 

communities 

Temperature 

(°C) 

Precipitation 

(mm) 

Number 

of sites 

surveyed 

(transects 

per site) 

Transect 

lenght 

(interval) 

Cabo de 

Gata-

Nijar 

Natural 

Park 

36.77 N 

-2.11 W 

Alpha-

steppe 

Open 

shrubland 

24 328 7 (3-4) 500 m 

(20 cm) 

Monegros 41.65 N 

-0.71 W 

Steppe  

Low 

shrubland 

21 360 6 (6) 250 m 

(20 cm) 

Sierra de 

Guara 

42.27 N 

0.18 W 

Forest 17 927 10 (3) 500 m 

(40 cm) 

Ordesa-

Monte 

Perdido 

National 

Park  

42.63 N 

-0.11 W 

Alpine 

grassland 

11 1485 8 (3) 250 m 

(20 cm) 
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Table 2. 

 S C
+
 C

-
 R 

Location 

     Cabo de Gata-Nijar Natural Park 

     Monegros 

     Sierra de Guara 

     Ordesa-Monte Perdido National Park 

 

74.9 ± 9.6 

44.2 ± 6.9 

60.9 ± 6.4 

77.3 ± 6 

 

0.039 ± 0.002 

0.066 ± 0.01 

0.037 ± 0.002 

0.058 ± 0.01 

 

0.024 ± 0.01 

0.034 ± 0.01 

0.023 ± 0.002 

0.048 ± 0.01 

 

0.26 ± 0.05 

0.35 ± 0.02 

0.06 ± 0.11 

0.11 ± 0.04 

Pearson correlation  

0.04 

n.s. 

-0.017 

n.s. 

-0.203 

0.012* 

0.154 

0.029* 

-0.002 

n.s. 

 

0.046 

n.s. 

0.063 

n.s. 

-0.071 

n.s. 

0.045 
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