A new way to visually represent dominance in ecological communities

Abstract
[bookmark: _GoBack]Dominance hierarchies have been visually represented in several ways, but most leave it difficult to quickly understand complex interactions between multiple entities in a community. Here we propose a new way to visually represent the hierarchy of dominance between entities in such systems called an “agonistic diagram”. We demonstrate this method using data from nectar-feeding bird communities in Australia and America, then using data from inquiline ants, European Badgers, and urban cats. The advantages of using agonistic diagrams are: (1) that the agonistic diagram can be compared visually with other interaction diagrams in related fields, like mutualism, and (2) that the analytical tools used in other fields can be used to assess agonistic networks. Thus, agonistic networks can be quantified in new ways, making it possible to obtain with relatively minor changes, automated agonistic diagrams from the computational programs and ecological metrics that are currently used to understand mutualistic interactions. This includes metrics of nestedness, modularity, and robustness, the identity of core and peripheral species, and the effects of extinction on networks, among other information.
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Introduction
[bookmark: _30j0zll]Dominance is an attribute of the patterns of repeated agonistic interactions between two individuals or species (Drews 1993; from here entities). In such interactions, there is often a consistent winner or dominant, and a consistent loser or subordinate. In complex systems, where several entities are interacting, it is possible to determine a dominance hierarchy (e.g. Boyd and Silk 1983; David 1987), in which the more dominant entity is placed higher on a list of entities and the more subordinate entity lower down on the list.
[bookmark: _1fob9te]Dominance hierarchies have been visually represented in several ways, such as in a matrix or diagram (e.g. Chen et al. 2011; David 1987) (Fig. 1), but the interactions between the interacting entities in a community are difficult to understand visually in these portrayals. This is especially true when there are complex interactions between multiple entities. Linear dominance status, in which the most dominant entity dominates all other entities, the second-most dominant entity dominates all entities except the first, etc., yields the simplest dominance hierarchies. However, community interactions can quickly become more complex when there is not a clear linear dominance status, when an entity interacts with itself (intra-entity interaction), or when an entity that usually wins loses encounters with an entity that usually loses (reversed interaction). Reversed interaction can occur under specific conditions, such as reproductive or dangerous situations.
Recently, several visual approaches have been proposed to represent dominance hierarchies (e.g. Chen et al. 2011; Miller et al. 2017; Sánchez‐Tójar et al. 2018). One of the best visual approaches is that used by López-Segoviano et al. (2018), which is based on the matrix analysis of David (1987). In this approach, the hierarchical arrangement of entities is shown as a bar graph (Fig. 1). However, unfortunately this arrangement does not portray details that can be important in a community, such as reversed interactions. Meanwhile, the approach of Miller et al. (2017) does show the existence of reversed interactions, but does not include their relative frequency. Visual relative frequency of interactions was collaterally shown by Sánchez‐Tójar et al. (2018) but species were not placed in a hierarchical arrangement. Finally, none of these visual approaches shows interactions between individuals of the same species.
[bookmark: _3znysh7]	Here, we propose a new way to visually represent the hierarchy of dominance between entities in a complex system, called an agonistic diagram. Then, we discuss the implications of this method. We demonstrate the agonistic diagram using data from nectar feeding bird species that interact agonistically in two ecosystems- one in Australia (honeyeaters) and one in America (hummingbirds). We used nectar feeding birds because they are obligated to use a defined food source and compete for it agonistically (e.g. López-Segoviano et al. 2018; Marquez-Luna et al. 2015; Ortiz-Pulido and Lara 2012). This type of relationship has been studied for many years and has been described using text, equations, matrices, and figures (e.g. Feinsinger 1976; Greenberg et al. 1993; Sánchez‐Tójar et al. 2018). Finally, we build agonistic diagrams of other taxa (i.e. ants, badgers and cats) to demonstrate the use and limitations of the agonistic diagram with interactions among individuals of the same species or when there are many entities in the system.

Method
To compare three methods for visually representing agonistic interactions in a community, we built a matrix of agonistic interactions, obtained figures showing David’s score, and generated the newly proposed agonistic diagram. 
[bookmark: _2et92p0]To build the agonistic matrix we used the approach used by Feinsinger (1976), where the interactions between hummingbird species were shown in a mirror matrix, with winners listed down the left-hand column and losers listed across the top row (see Fig. 1a). 
[bookmark: _tyjcwt]To generate the figure based on David’s scores, we built a bar graph arranging the nectarivorous species according to the proposal of David (1987) (see Fig. 1b); in this approach, matrix algebra is used to calculate a dominance score from the previously mentioned mirror matrix (see Chen et al. 2011 for details; David 1987; Gammell et al. 2003). Both approaches, matrix and figure, have been used with birds (e.g. Chen et al. 2011) and even with nectarivorous birds (e.g. López-Segoviano et al. 2018). We did not consider other scores (e.g. Boyden 1978; Clutton-Brock et al. 1979; Ens et al. 1990; Sánchez‐Tójar et al. 2018) because they remain untested or because they were very similar to or are less adequate (Drews 1993; Gammell et al. 2003) for representing agonistic interactions than David’s score (David 1987).
[bookmark: _3dy6vkm]To build the agonistic diagram with the new visual proposal, we were inspired by other approaches where different entities are interacting in complex systems, such as the graphical representations of path analysis (Ortiz-Pulido 2000; Wright 1968) and mutualistic networks (Bascompte et al. 2006; Dáttilo et al. 2016; Lara-Rodríguez et al. 2012). Thus, the new method is a fusion between those two graphical methods. In those visual approaches, species are commonly represented as rectangles or nodes and interactions as lines between two species. In the example shown here, we used data from two independent ecosystems where agonistic interactions between nectar-feeding birds are taking place: honeyeaters inhabiting Box-Ironbark in Victoria, Australia (Mac Nally and Timewell 2005) and hummingbirds inhabiting an urban habitat in Pachuca, Hidalgo, Mexico (Ortiz-Pulido, unpublished data). The visual order of the interacting species was determined using David’s score (David 1987), using the Curley package for R (Curley 2016), because it quantitatively reflects the agonistic interaction hierarchy. However, it must be considered that David’s score reflects the strength of the dominance of an entity versus the entire community (López-Segoviano et al. 2018) but not dominance of that entity’s interaction with each other entity of the community; thus, David’s score does not necessarily reflect the particular hierarchical order between two entities in a community. The interaction intensity between or within entities (i.e. arrow size in the agonistic diagram) was determined using two measures: the raw interaction number, which was extracted directly from the interaction matrix (Fig. 1A), and the standardized interaction number, which was obtained by normalizing the interaction matrix. The latter was done following Vizentin-Bugoni et al. (2014), in which the cell values in the interaction matrix were calculated by dividing each cell by the matrix sum so that its elements totaled to one. Each approach has its advantages. With the raw interaction number, details within the studied system can be observed, e.g., how many interactions each entity emits and receives. With the standardized interaction number, broad comparisons can be made, e.g. different agonistic diagrams can be compared because interactions are standardized and can be transformed to a probability or percentage. We created the R code Agonist_diagram (version 1, appendix 1) to automatically develop figures of the agonistic diagram. We then retouched the resulting figures using PowerPoint (Microsoft), e.g. changing colors, reworking labels.
[bookmark: _1t3h5sf]To build the agonistic diagram of other systems, we used published data. For queens of inquiline ants we used data reported by Satoh and Ohkawara (2008) in their Table 2b; for European badgers we used matrix P2005 from Hewitt et al. (2009), and for a social group of cats, we used Table 2 from Bonanni et al. (2007). In all the cases we used only data reporting hierarchical dominance among individuals. We used the standardized interaction number to facilitate comparison among agonistic diagrams.

Results
The new visual proposal, the agonistic diagram, is shown in Fig. 2. In the Australian nectarivorous bird system (Fig. 2a, b), composed of four species, the Red Wattlebird was the dominant entity; however, it showed many intra-entity interactions in the system (509 interactions; 67% of all interactions) and in one interaction it was dominated by the Yellow-plumed Honeyeater. The Fuscous Honeyeater was second in the dominance hierarchy. In the American nectarivorous birds (Fig. 2c, d), composed of five entities, there was also one dominant entity, the male Broad-billed Hummingbird, which carried out many intra-entity interactions (61 interactions, 37% of total interactions). The male of Broad-billed won 51 fights with the other four entities (31% of the total) and lost 39 from three entities (24% of the total), 34 of them (21%) with Broad-billed Hummingbird females. Compared to the Australian system, the American system had more reversed interactions (26% vs <1%, respectively; Fig. 2b, d). Many of these details cannot be detected from existing approaches (Fig. 1).
Agonistic diagrams of other biological systems are shown in Fig. 3. Within queens of inquiline ants there was clearly a hierarchy, with a dominant entity, B1, that attacked all of the other queens (69% of all the interactions in the system, blue line in Fig. 3a). This system shows reversed interactions, but they represent only 10% of all the interactions in the system. However, the dominant entity received attacks from almost all of the other queens (5% of all the interactions). 
In European badgers (Fig. 3b) there were two entities at the top of the hierarchy (i.e., individuals 1 and 2) that attacked all of the other entities (70% of all the interaction in the system, blue and red lines); three highly subordinate entities (i.e., 7, 8 and 9) received 80% of attacks in the system from at least six of the nine entities that conformed this community; three passive individuals (i.e., 3, 4 and 5) that seldom attacked or received attacks (16% of total attacks). Reversed interactions make up 19% of all the interactions in this system, in which the two more dominant entities (i.e. individuals 1 and 2) received attacks from five subordinate entities. For example, the second dominant in the system (number 2) was attacked by three subordinate entities (i.e., 3, 4 and 6). 
In cats (Fig. 3c), there are clearly dominant and subordinate entities. In this system, the dominant entity (i.e. Ant) performed the majority of the attacks (53% of all the attacks; blue line). Some entities received many attacks and performed few attacks, particularly the cats called Spo and Rug, who received from nine of 14 entities 56% of the attacks recorded in this community. At the same time, Spo and Rug performed less than 1% of the attacks in the community.
Discussion
[bookmark: _4d34og8]The agonistic diagram method of visually representing agonistic interactions is different from previously proposed methods, as illustrated in the area of nectivorous birds. In nectivorous birds there is only one published figure that is somewhat similar to the new proposal, that of Greenberg et al. (1993; their Fig. 3). However, in that model only the interactions with the most dominant species are shown and only one line size is employed. In the area of agonistic interactions, the most similar visual method to the new proposal is that of Miller et al. (2017; their Fig. 2), in which the common and reversed hierarchical interactions between several species are shown, but only one line size is employed and intraspecific interactions are not shown. More broadly, considering the area of agonistic interactions, the most similar method is the one that uses a network analysis approach, as shown by Sánchez‐Tójar et al. (2018; their Fig. 1); however, until now, such networks do not visually show hierarchical order between the entities assessed. The agonistic diagram method proposed here is a simple way to improve the visualization of agonistic interactions; however, it is most useful in small systems (those with few entities) because it provides higher resolution of agonistic interactions between and within entities. As seen in Fig. 3, increasing the number of entities adds quite a lot of complexity to the figures, making visualization of more than about 10 entities difficult, which is contrary to the aim of our proposal. For richer communities (> 10-15 entities) the best method is probably that of Miller et al. (2017), because it omits some details, allowing the detection of general patterns in the studied systems.
[bookmark: _2s8eyo1]	Perhaps the strongest advantages of portraying agonistic interactions using the agonistic diagram method proposed here are that in the future: (1) the agonistic diagram can be compared visually with other interaction diagrams in related fields, and (2) that the analytical tools already occupied in those other fields can be used to assess agonistic networks. For instance, agonistic diagrams and mutualistic networks are visually similar in several ways; they have nodes and lines between or within nodes. Entities in agonistic diagrams can therefore be quantified in novel ways, for example by obtaining some ecological metrics such as metrics currently used to understand mutualistic interactions. These include the metrics of nestedness (Bascompte et al. 2006), modularity (Marquitti et al. 2012) and robustness (Dormann et al. 2009), as well as other more complex interpretations, such as the identity of core and peripheral species (Borgatti et al. 2002) and the effects of extinction on the future viability of networks (Memmott et al. 2004). These metrics cannot be computed from previously proposed visual methods (e.g., Chen et al. 2011; Greenberg et al. 1993; López-Segoviano et al. 2018). However, there has been a recent explosion of literature on animal social networks (e.g., Miller et al. 2017; Sánchez‐Tójar et al. 2018; this paper), where the application of methods used in other areas, such as network analysis, have been proposed. These methods must be explored in detail to determine if they present new possibilities in the study of agonistic interactions. In the meantime, the new visual method proposed here can help us to better understand agonistic interactions through visual analysis.
In relation to the use of statistical tools already used in others fields; it is possible to obtain, with relatively minor changes, automated agonistic diagrams and ecological metrics from existing computational programs, for example of those that use the R-package (e.g. Dormann et al. 2009; Miller et al. 2017); as those designed to analyze mutualistic networks, such as Ucinet (Borgatti et al. 2002),  Aninhado (Guimaraes and Guimaraes 2006), Bipartite (Dormann et al. 2009), NODF (Almeida-Neto and Ulrich 2010) and Modular (Marquitti et al. 2012). These tools can be reworked to quickly assess agonistic networks without the need to produce completely new programs. For instance, the existing software lacks a graphical way to show agonistic interactions outputs, thus adding the new visual method to these programs could be helpful to develop agonistic studies.
Finally, while discussing bird communities is not the point of this manuscript, the example can be used to highlight how the new graphical method can be used to compare communities (i.e. unlike bar graph; e.g., López-Segoviano et al. 2018) and link back to the fact that we are ultimately discussing biological data. For instance, in both the Australian and American communities (Fig. 2a, b) there is apparently a dominant entity that largely monopolizes the nectar resources (see  Bennet et al. 2014; López-Segoviano et al. 2018 for details). However, the Australian system had fewer reversed interactions and more intraspecific interactions than the American system. It is also clear that the Australian hierarchy could be disaggregated into male and female components (see Carpenter et al. 1993; Miller et al. 2017 for details), as was done in the American system. Highlighting such similarities and differences between the communities (which is the ultimate point) would offer a new dimension and would increase the relevance of the new graphical representation.
	In conclusion, here we show a new way to visually represent agonistic interactions in a community. The new method provides higher resolution of agonistic interactions in the systems studied; however, it is most useful for understanding small systems. As it is clear from a visual comparison, agonistic and mutualistic interaction networks share similar structural elements, which makes it possible to use analytical tools and computer programs that are already available for the study of other kinds of biological interactions.
[bookmark: _17dp8vu]
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