Complex environments alter competitive dynamics in fungi
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Abstract
	Competition is a key biotic factor that often structures natural communities. Many attempts to disentangle how competition shapes natural communities have relied on experiments on simplified systems or through simple mathematical models. But these simplified approaches are limited in their ability to represent the complexity seen in more natural settings. Here, we considered the competitive pairwise dynamics between four saprotrophic fungal species.  We tested whether the contextual environment changed these dynamics, repeating competitive experiments in a simple agar media and a more ecologically realistic wood block setting. We found that the competitive outcomes on agar media differed from those within the wood blocks. While superior competitors were identified across all pairwise interactions on agar, within the wood blocks, two of six interactions resulted in deadlock, where neither competitor could breach territory of the other, and one interaction resulted in a reversed competitive outcome. These results suggest that the complexity within natural substrates can alter the strength of interspecific interactions and may contribute to coexistence and the resulting high diversity of fungi often observed within wood. 
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Introduction 
            	“...Not that under nature the relations will ever be as simple as this. Battle within battle must be continually recurring with varying success; and yet in the long-run the forces are so nicely balanced that the face of nature remains for long periods of time uniform, though assuredly the merest trifle would give the victory to one organic being over another.” - Charles Darwin, The Origin of Species (1859)

The struggle for existence among co-occurring species is a question central to our fundamental understanding of life. What conditions allow one species to outcompete another? This question has spawned multiple domains of research in a bid to dissect the underlying elements that contribute to winning the struggle for existence. Theory developed from simplified systems have provided valuable insight into how competitive dynamics result in coexistence (Hutchinson 1961, Leibold 1995, Sommer 1999). One theory is that the ability to harness and incorporate resources will affect competitive outcomes between species, where different rates of resource intake of a limiting resource can successfully predict the outcome of competition (Tilman et al. 1982, Wilson and Tilman 1993). Many mathematical models have explored this idea and have been used to estimate competitive dynamics to predict which species will emerge victorious during interspecies interactions (Levins and Culver 1971, Slatkin 1974). This approach has provided us insight to the mechanisms that may shape the outcome of the struggle for existence (Roughgarden 1983), and thus seek to inform the key question of why so many species are observed in close proximity despite predictions that competitive dominance drive down diversity when species compete for the same resources.
 Many of these models and ideas stem from earlier papers by Gause in which he conducted several seminal experiments exploring the nature of competition between microbes (Gause 1932, 1934, Gause et al. 1934). With these microbial systems, Gause laid the foundation for mathematical models of population growth (Lotka 1926, Volterra 1926) as well as the principle of competitive exclusion (Hardin 1960). But equally interesting research by Gause exploring the role of habitat complexity have been largely ignored. Habitat complexity has the potential to have important implications to our understanding of inter-species interactions because different species may have traits that provide them competitive benefits in more complex environments. For example, research exploring predator-prey interactions between Paramecium caudatum and Didinium nasutum demonstrate that, in homogeneous environments, D. nasutum was able to completely exhaust the population of P. caudatum. However, heterogeneous environments promoted the persistence of P. caudatum as they hid in refugia, resulting in D. nasutum perishing due to the lack of access to food. These results strongly suggest that environmental complexity plays a role in mediating biotic interactions that manifest in experimental systems and may play a part in attenuating the competitive hierarchies found in other simple systems.
 In mathematical models, it is assumed that the progression of populations follows a predictable pattern as a result of the interaction between species (Wangersky 1978). But as complexity is introduced to experimental systems to more closely mimic “field” situations, the influence of the environment can shape the trajectory of population growth in unpredictable ways (Gause 1934, Levin 1976). The difficulty in accounting for heterogeneous elements limits the ability of models to predict the variable outcomes of competition in complex environments (Simberloff 1982). But to understand whether Gause’s results on the role of complexity for species coexistence have further implications than simply predator-prey interactions, and broader implications on species-coexistence theories, we have to explore whether habitat complexity can also affect interactions between competitors. To further develop our understanding of species interactions in complex environments, we use an empirical approach to test how changes in environmental complexity can affect the strength of competitive interactions. Here, we utilise a simple fungal experimental system to test how habitat complexity can affect the outcome of competition between wood decay fungi. To explore this idea, we used four different species of wood decay fungi to explore the relative competitive ability of each fungus against different competitors in complex and simple environments.
Wood decay fungi are potent saprotrophs that derive their nutrition from dead organic matter (Blanchette 1991, Boddy 2001). As a hyperdiverse group of organisms, there is potentially an extremely high diversity of interacting species within any given substrate (Mäkipää et al. 2017). The theory of competitive exclusion predicts that under these conditions, a superior competitor should dominate and exclude inferior competitors over a common resource (Hardin 1960, Holmer and Stenlid 1997). With saprotrophic fungi as a model system, we can examine the differences in competitive hierarchies between simple and complex substrates. We established pairwise interspecific interactions between four wood decay fungal species on nutrient media as a simple resource, and then repeated this on paired wood blocks as a complex, more ecologically realistic setting. From the outcomes of the pairwise interactions, we compared the competitive hierarchy between fungal interactions on nutrient media and wood blocks following (Hiscox et al. 2015). We used these two extreme competitive environments as our goal was to identify whether habitat complexity is an important determinant of competitive outcomes between species. We measured growth rate on nutrient media and metabolic rate on cellulose as a predictor for competitive ability. We determined the competitive outcomes by measuring fungal colony size as a proxy for the ability to acquire resources and grow in the presence of competitors. We predicted that: 1) species with a high metabolic rate will have higher resource use and will be competitively superior across resources, and 2) the competitive dynamics established on simple resources will not translate to complex resources as the complex environment slows the process of competitive exclusion. 
 
 Methods
Species selection
            	 We extracted our study species from rotting Eucalyptus tereticornis logs from remnant Cumberland Plain woodland in Richmond, NSW (33°37'04.0"S 150°44'25.3"E) in February 2016. We collected the felled logs and brought them back to the lab. Under sterile conditions, we split the logs with a hammer and a flame-sterilised chisel to expose the centre of the log (Thompson et al. 2012). Using flame sterilised forceps, we aseptically extracted wood chips from the exposed internal surface of the logs and transferred them to Petri dishes with 2% malt extract agar (MEA). The isolates were allowed to grow out from the wood chips and the growing edge of the emerging hyphae of morphologically distinct colonies were subcultured onto new MEA to isolate a pure culture. From the pure culture, we extracted DNA from the edge of the growing colonies with the DNeasy Plant Mini Kit (Qiagen, Chadstone, Victoria, Australia) as per the manufacturer’s instruction. We amplified the ITS (ITS1F & ITS4) region of rDNA (White et al. 1990, Gardes and Bruns 1993, Thompson et al. 2012) through PCR amplification and analysed the amplicons using an ABI3500 Genetic Analyser (Applied Biosystems, Life Technologies, Mulgrave, Victoria, Australia). We assigned taxonomic identities to the fungal isolates by conducting a BLAST search against the NCBI Nucleotide database and comparing the amplicons against verified nucleotide sequences in the database. Fungal isolates were kept on 1% MEA at 4°C.
            	To test whether the identified fungal isolates were able to degrade lignin, we took a 5mm plug of the colony and inoculated it onto media containing lignin-guaiacol-benomyl agar (Thorn et al. 1996). Fungal isolates that produced laccase or peroxidase in the presence of lignin (indicating lignolytic activity noted with a distinct bright red ring surrounding the edge of the colony) were categorised as a lignin degrader, while fungal isolates that did not produce laccase or peroxidase were categorised as a non-lignin degrader. Of the species extracted from the wood logs, four were selected, spanning across two lignin degrading basidiomycetes: Omphalotus sp. (Om), Peniophora sp. (Pe); and two non-lignin degrading ascomycetes: Phacidium lacerum (Pl), and an unidentified Helotiales isolate (He).
Microbial respiration assay
            	We utilised a modified MicroResp™ method (Campbell et al. 2003) to measure respiration of our study species on cellulose. The MicroResp™ technique is a colorimetric method in detecting carbon evolution of microbes on a specific carbon source (Campbell et al. 2003). We filled 1.2 mL deep-well plates (Thermofisher, Australia) with H2O agar to reduce atmospheric headspace in the deep-well plate. Eight replicates of single 4 mm plugs from a fungal colony were placed in individual wells, and 8 μl of a suspension of 5% milled cellulose in dH2O was added as the carbon source. Two sets of 4 replicates received dH2O and no added material respectively to act as basal respiration rates. Blank wells were included as a measure of base atmospheric change. Our study species were inoculated onto H2O agar to prevent any spurious measures of respiration on nutrient media.
            	We made an initial absorbance reading of the colorimetric detection plates at 570 nm with a CLARIOstar plate reader (BMG LABTECH GmbH, Germany). The deep-well plates were sealed and clamped with the colorimetric detection plates following the MicroResp™ method (Campbell et al. 2003). The deep-well plates were incubated in the dark at 20°C. Following 48 hours, the colorimetric plate was re-read with a plate reader at 570 nm and resealed with a new colorimetric plate and incubated for a further 48 hours. After a full 96 hours, the colorimetric plate was re-read at 570 nm for a final absorbance reading. To calculate the hyphal mass, we followed the grid intersect method outlined in (Giovannetti and Mosse 1980) to determine total hyphal length in an inoculum. We measured average hyphal diameter per inoculum to define hyphal volume. We converted this measure into mass following the average biovolume mass measurement in (van Veen and Paul 1979). The rate of respiration (μg CO2/g/h) on cellulose was calculated from the adsorption data from the colorimetric plates, minus the measures from the basal respiration rate of the fungal inoculum.
Experimental design
            	To compare competitive hierarchies across simple and complex substrates, we set up pairwise interactions between our study species across two substrate treatments: agar and wood. Pairwise interactions were set up across all species for a total of six pairwise competition treatments (OmHe, PeHe, PeOm, PePl, PlHe, PlOm). 
Establishment of simple competitive environments
            	Prior to the experiment, the selected species were inoculated onto H2O agar media (10 mg/L) for 7 days to normalise hyphal density between species. 5-mm diameter plugs from the growing edge of the colony were taken and inoculated onto 1% MEA. In the competition plates, inoculum from the study species were placed 2.25 cm away from the edge of the Petri dish. The competitor in the pair was placed 2.25 cm from the opposite edge of the Petri dish such that each colony had equal area to develop. We also inoculated each species onto the centre of their own Petri-dish to track colony growth rate in a non-competitive environment. All Petri dishes were incubated in the dark at 25°C except during measurements of colony area.
All paired interactions were allowed to interact over 27 days. We scored competition outcomes by calculating area occupancy within the Petri-dish. We assessed colony growth rate by measuring colony size every day on an acetate sheet with a black permanent marker. Acetate sheets were scanned at the end of the experiment using a Canoscan LiDE 210 scanner (300 dpi resolution). Colony area was measured in ImageJ (NIH, USA) using the polygon tool. We created a total number of 60 simple competitive interactions, 10 replicates for each species pair. 
Establishment of wood block interactions
            	We soaked 8 cm3 blocks of Eucalyptus diversicolor wood (2 cm x 2 cm x 2 cm) overnight in MilliQ water and sterilised in an autoclave three times over three days to remove any existing contaminants. The uninoculated wood blocks were maintained at -20°C prior until the start of the experiment. We colonised 2% MEA plates with our study species.  We then placed 240 uninoculated wood blocks onto those agar plates for three months (90 days) in the dark at 20°C to allow full colonisation of the wood blocks. After the initial inoculation period, we tested wood blocks inoculated by our study species to ensure that the wood blocks were fully colonised.
            	To establish competitive interactions, inoculated wood blocks were removed from the agar plates and aseptically scraped free of any surface mycelium. Under strict aseptic conditions, we arranged the inoculated wood blocks into their interactions and held them together with a sterilised rubber band so the wood grain on each block were face to face. These interaction blocks were then placed in a sterilised 100 mL plastic sauce pot (WF Plastic Pty Ltd, AU) containing 30 ml moistened sterile perlite and incubated at 20°C in the dark. A hole in the side of the pot was covered with micropore tape (3M, UK) to allow gas exchange. Wood block interactions were kept in the dark at 20°C and each paired interaction was harvested at 7, 21, 42, 70, and 105 days. We created a total of 120 complex competitive environments, 20 for each species pair, which allowed us to sample them at different time frames. 
To determine the competitive outcome of each pair, we measured area occupancy in each wood block by sampling a transect through each two-block combination. To perform this sampling, each wood block was split in half along the grain using a flame sterilised chisel. We then aseptically excised a small sliver of wood (~2 mm3) at 5 mm, 10 mm, and 15 mm from the point of contact between two blocks. Each point of isolation represented 25% occupancy. Although this does not allow us to calculate exactly how much space much of the initial occupancy was lost/gained during the competition in the 3D environment (as it is possible that individuals did not grow across as a single plane through the block), it allows us to estimate how far a competitor was able to intrude into an owner’s territory. We did not isolate from the far face of the block to avoid any surface hyphae that may have crept across the surface of the wood block. Each sliver of wood was reisolated on 1% MEA and incubated at 20°C until hyphae emerged and could be identified morphologically.  
Statistical analysis
	To test for differences in respiration rate between study species, we fitted a linear model (ANOVA) with study species as an independent variable and carbon dioxide production as the dependent variable. We used a Tukey’s HSD to compare the respiration rates between species. We used a similar set of analyses to compare the growth rates between study species when they were all reared in isolation on a single petri dish. We also used a linear model to explore the overall relationship between respiration rate and growth rate of the four species.
We quantified competitive outcomes between pairs of species as rate of proportional change of colony area over time on agar and across a linear transect within the three-dimensional wood substrate (see (Hiscox et al. 2015)). Interaction time varied between competitive treatments on agar as we measured proportional change in colony area over time after colonies met. To model the rate of change in area/volume occupied, we fitted a mixed model (lme4; Bates et al. 2015), with the proportion of colony occupied as the response variable. Time and competitive environment were modeled as fixed factors along with a potential interaction between the two, and to account for the repeated measurements on the same petri dish, an experimental unit (i.e., petri dish ID) was included as a random factor. In this model the interaction term represents a shift in the slope of the occupied area with time across substrates. All analyses were run in R (v.4.0.2). Competitive hierarchies were established by assessing and scoring competitive outcomes of interactions between pairwise interaction treatments of our study species. In both interactions on agar and wood, we scored species with a greater total proportional area colonised (>50%) as the superior competitor.

Results
Respiration rate and growth rate
	The rate of cellulose respiration was significantly different across species (ANOVA, F3,28=21.87, p<0.0001). With post hoc comparisons using the Tukey’s HSD test, we found significant differences (P < 0.05) between all pairs of species with the exception of Omphalotus sp. and Peniophora sp. (Supp. Table 1). The rate of respiration was lower in both the lignin degrading species; Omphalotus sp. and Peniophora sp. had a mean rate of respiration of 69.1 (μg CO2/g/h) and 63.31 (μg CO2/g/h), respectively. The two non-lignin degrading species had higher rates of respiration; the unidentified Helotiales isolate had a rate of respiration of 97.16 (μg CO2/g/h) and Phacidium lacerum had the highest rate of respiration at 130.9 (μg CO2/g/h). 
There were significant differences in growth rate on agar between all study species (ANOVA, F3,116=673.8, p<0.0001). We found significant differences in growth rate between all species (Tukey’s HSD, P < 0.05) (Supp. Table 1). Phacidium lacerum had the highest growth rate at 20.07 mm2/h, followed by Peniophora sp. at 13.21 mm2/h. Omphalotus sp. and the Helotiales isolate had the lowest growth rate at 8.24 mm2/h and 6.35 mm2/h respectively. We did not observe a relationship between growth rate and the rate of respiration.

Patterns of competition between fungi on agar and wood
	We observed a strong effect of the competitive environment on treatments (mixed model, Table 2). The competitive environment had a significant effect on the pattern of competition between study species over time in treatments: PeHe (P=0.003), PeOm (P<0.001), PlHe (P<0.001), and PlOm (P<0.001) (Table 2).  The competitive environment did not affect competition between study species in the OmHe and PePl treatments (P=0.318 and P=0.116 respectively, Table 2). The competitive environment interacted with time in all treatments except OmHe (P=0.466, Table. 2) to affect the rate of competition between interacting species.

Competitive hierarchies on agar and wood
	A distinct hierarchy emerged in competition on simple substrates that was not mirrored in the hierarchy established on complex substrates (Table 1). In the pairwise interactions on agar, respiration on cellulose and initial growth rate prior to colony meeting was a poor predictor for competitive success (Fig. 1). Peniophora sp. Was the strongest competitor among all interactions on agar, outgrowing and reducing the size of its opponent. On the other hand, Phacidium lacerum was the weakest competitor, consistently losing territory against its opponents despite having the highest growth rate prior to colony meeting. We observed no instances of deadlock between fungal colonies on agar, where neither competitor could capture territory from the other (Fig. 2). The competitive hierarchy in wood was less clear (Table 1). Where Peniophora sp. dominated in competition against its opponents on agar, Peniophora sp. was only competitively superior to Phacidium lacerum, while reaching a deadlock with Omphalotus sp., and losing territory to the unidentified Helotiales isolate. The unidentified Helotiales isolate emerged as the superior competitor in pairwise interactions in wood and became competitively superior to Peniophora sp. in stark contrast to interactions on agar, where the unidentified Helotiales isolate was the weaker competitor against Peniophora sp. Across all interactions on agar and wood, Peniophora sp. consistently outcompeted Phacidium lacerum, and the Helotiales isolate consistently outcompeted Omphalotus sp. (Table 1). 

Discussion 
Patterns of competition across simple and complex substrates
	The pattern of competition between species was not consistent across simple and complex substrates. In four out of the six species pairs, the rate of competitive displacement differed between agar and wood. In competitive interactions on agar media, all species pairs resulted in a superior competitor (Fig. 1). This was in contrast with the competitive outcomes seen in wood, where competitive deadlock between two species pairs were observed, along with a complete competitive reversal seen in one species pair. This was in line with our prediction that the competitive hierarchy established on simple substrates would not translate to complex substrates. 
The complexity of resources found within substrates may be a key factor in altering the competitive dynamics between study species. Habitat complexity is not categorical, but rather a continuous variable that is made up of several different factors (e.g., resource availability, temperature, space) that can alter the competitive landscape. For saprotrophic fungi, resource supply is finite and regardless of substrate type, competition between species would progress until all available resources are exhausted through active mycelial growth or directly through combat between fungi (Owens et al. 1994, Hiscox et al. 2018). After colony contact, the competitively superior species would use whatever limited resources were available to replace the territory held by its opponent (Hiscox et al. 2015). In the agar substrate, the nutrients were highly labile in the form of glucose with added malt extract and peptone. The soft structure and nutrient availability would provide an unimpeded opportunity for hyphal extension during periods of active growth in a homogenous environment, thus influencing how competition progresses between species (Amarasekare 2003). In contrast, the resources available in wood are heterogeneously arranged within the lignocellulose complex (Otjen and Blanchette 1986, Blanchette 1991). Not all fungi have the ability to break down lignocellulose (Swift 1977, Sánchez 2009, Nagy et al. 2016), and the process is enzymatically costly (Martinez et al. 2009, Sánchez 2009). In competitive interactions on simple substrates, the rapid conversion of readily available nutrients into growth would alter the allocation of resources in the absence of the energetically expensive degradation of lignocellulose in more complex substrates like wood (Woods et al. 2005). Interestingly, the ability of species to break down lignocellulose did not predict contest outcome in the more complex wood block environment. This supports the fact that it is not resource ability itself that altered competitive outcomes, but the complexity of the competitive environment.
	Environmental complexity, and not access to resources in the environment, may explain the difference in competitive dynamics seen across simple and complex substrates. Competition on an agar plate is largely two-dimensional where the colony edge of both interacting species will only meet along a single front. As such, asymmetric competition will always favour the superior competitor, resulting in competitive exclusion of the inferior competitor (Amarasekare 2003). This is seen under single resource model predictions (Volterra 1926, Macarthur and Levins 1964, Armstrong and McGehee 1980), and on experiments using model systems (Grover 1988, Passarge et al. 2006). However, under heterogeneous conditions, spatial variation can promote persistence in the inferior competitor through either life-history trade-offs or altered use of the local environment (Amarasekare 2003). Microstructural variation within the wood forms cell walls and plant vasculature that can influence how fungi move within the substrate (Boddy 2001, Boddy and Heilmann-Clausen 2008). The added spatial component introduces new elements that can influence the outcome of interspecific interactions (Biondini 2001, Hesterberg et al. 2017). Environmental heterogeneity is known to affect competition dynamics at multiple spatial scales (Chesson and Rosenzweig 1991, Amarasekare and Nisbet 2001), and the microstructural heterogeneity found in wood could be a key factor in attenuating the competitive superiority seen in pairwise interactions on agar media. In our experiment, we see competition between species reach a deadlock on a complex substrate, while the same species pair will result in competitive dominance of a single species on a simple substrate. We also see no change in competitive outcome in a species pair between complex and simple substrates. In this case, the degree of competitive asymmetry between interacting species may override the influence of spatial heterogeneity within the environment. 
 	In models of competition, the nature of interaction between species is often scaled down to its bare elements, such as competition over a single or scant resource, or species represented by singular key traits (Abrams 1988, Sommer 1989, Chesson 2000). Models of competition are by necessity simple, and are often matched to equally simple experiments (Simberloff 1982), with few modeling frameworks in fungal competition explicitly considering space (Gilchrist et al. 2006) and priority effects (Abrams 1988, Ke and Letten 2018). Space occupancy is a fundamental part of fungal ecology, with simplified models and controlled experiments to examine the mechanistic processes of competition (Kolesidis et al. 2019). But we show here that competitive hierarchies and dynamics from complex, more ecologically relevant environments are not maintained in simple ones, and as such the addition of complexity is vital in understanding how the patterns we observe in experimental systems may scale back out to natural settings. 
Metabolic rate and competitive ability
	Drawing on plant ecology theory, we predicted that a rapid metabolic rate and growth rate would confer a competitive advantage against neighbours during pairwise interactions (Tilman 1987, Abrams 1988, Aerts 1999, Craine and Dybzinski 2013). However, metabolic rate on cellulose appeared to be a poor predictor for superior competitive ability within the pairwise interactions between our four study species. But within our limited species pool, the true relationship may be difficult to detect. The fundamental differences in competition between heterotrophs and autotrophs may also limit the application of plant ecology theory to fungal ecology, with continuous vs. finite resource supply being a key difference. While rapid growth in plants leads to a competitive advantage in denying competitors access to sunlight (Grime 1977), active antagonism and resistance to competition is key in competition over space between fungi (Boddy and Hiscox 2016). In our metabolic assay, we restricted our choice of substrate to reflect resources found in wood. All our study species had demonstrated the ability to metabolise cellulose, but only Peniophora sp. and Omphalotus sp. were able to degrade lignin. Despite this, the ability to degrade lignin was not associated with a competitive advantage over the non-lignin degrading Helotiales isolate when fungi were competing in wood. 
 Attempting to predict competitive ability from a single trait is limited when scaling up to a natural system (Gaudet and Keddy 1988, Pascual and Kareiva 1996, Tilman 2007). In simple models of competition and empirical tests in simple environments, a single trait can often predict competitive superiority (Tilman 1994), but as complexity is introduced this predictive power is reduced. While many saprotrophic fungi can share a similar environment, no one trait can confer a competitive advantage across all substrates. As an environment changes, the competitive advantage of certain traits may wax or wane (Grime 1977, Funk and Wolf 2016). Utilising multiple key functional traits may provide a better framework in predicting competitive outcomes between fungi (Crowther et al. 2014, Aguilar-Trigueros et al. 2015, Treseder and Lennon 2015, Cline and Zak 2015, Dawson et al. 2019, Lehmann et al. 2019, Lustenhouwer et al. 2020). Further understanding how fungal functional traits may interact with substrate complexity may provide us insight in how fungal competitive hierarchies and communities are shaped by their environments and how the diverse array of fungal species co-occur in wood. 

Conclusion
The struggle for existence between organisms will continually shift depending on changes in the environment (Amarasekare 2003). As species interactions on simple substrates scale to more complex substrates, the existing competitive hierarchy may not scale in the same way (Woods et al. 2005). The use of simple models of competition can allow us to observe the mechanistic underpinnings of interactions between species. But the addition of heterogeneity and complex elements into models of competition may begin to reconcile some of the patterns of species coexistence in natural environments. Here, we demonstrated the change in competitive dynamics in saprotrophic fungi from simple agar media to competition within wood blocks. The sheer complexity within wood, both in structure and resource, may be a driver in the immense fungal diversity that we see in nature by preventing any single species from becoming competitively dominant. Further focus on the interactions between traits within the substrates and the functional traits within fungi may lead the way in demystifying the processes that allow for the very diverse fungal communities that we observe in nature. 
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Figures
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Figure 1. Comparison of total average growth rate ±SE (mm2 per hour) before and after colony meeting. Colonies with negative growth rate post interaction lost territory to the superior competitor. Peniophora sp. (Pe) consistently outcompeted its neighbour, and Phacidium lacerum (Pl) consistently lost against its neighbour. Size of the circles denote individual respiration rate (μg CO2/g/h). 
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Figure 2. Proportion of territory (% occupied) captured for the Helotiales isolate (He), Omphalotus sp. (Om), Peniophora sp. (Pe), and Phacidium lacerum (Pl) during interactions on agar (right) and in wood (left) over time. In interactions on wood, both competitors started with equal territory (one wood block), while competitors on agar started without any territory (inoculum on agar).



Tables
Table 1. Competitive hierarchy established between pairwise interactions on Wood and Agar. Interactions where a species gained territory is denoted by (+), interactions where species lost territory is denoted by (-), and interactions where neither species gained territory is denoted by (=). 
	Wood
	+
	=
	-
	
	Agar
	+
	=
	-

	Pe
	Pl
	Om
	He
	
	Pe
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	Pl
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	Pl
	
	
	Om, He, Pe
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	Pe, Om
	Pl
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	Om, Pl
	
	Pe

	Om
	Pl
	Pe
	He
	
	Om
	Pl
	
	Pe, He




Table 2. Mixed model with time and competitive environment as fixed factors, with proportion of area occupied as the response variable. To account for repeated measurements of the same Petri-dish, replicate ID was included as a random factor. Here the intercept represents the difference in slopes between agar and wood, with time being the average slope of both treatments (or the speed by which proportioned occupied changes). In this model, the substrate term represents the difference in competitive performance between agar and wood (see Supplementary Fig. 1). Degrees of freedom differed between individual models because we measured interaction times after colony meeting in the agar substrate treatment. 


	OmHe
	
	
	
	
	
	

	Parameter
	Coefficient
	SE
	95% CI
	t 
	df 
	p

	(Intercept)
	0.57
	0.02
	[0.53, 0.62]
	23.59
	54
	<0.001

	Time (in weeks)
	-0.02
	0.01
	[-0.03, 0.00]
	-2.72
	54
	0.007

	Substrate (wood)
	-0.03
	0.03
	[-0.10, 0.03]
	-1
	54
	0.318

	Time * Substrate
	0
	0.01
	[-0.01, 0.02]
	0.73
	54
	0.466



	PeHe
	
	
	
	
	
	

	Parameter
	Coefficient
	SE
	95% CI
	t 
	df 
	p

	(Intercept)
	0.7
	0.04
	[0.62, 0.78]
	17.94
	64
	<0.001

	Time (in weeks)
	0.03
	0
	[0.02, 0.04]
	6.25
	64
	<0.001

	Substrate (wood)
	-0.18
	0.06
	[-0.29, -0.06]
	-2.93
	64
	0.003

	Time * Substrate
	-0.04
	0.01
	[-0.05, -0.02]
	-5.04
	64
	<0.001



	PeOm
	
	
	
	
	
	

	Parameter
	Coefficient
	SE
	95% CI
	t 
	df 
	p

	(Intercept)
	0.6
	0.01
	[0.58, 0.62]
	56.86
	64
	<0.001

	Time (in weeks)
	0.01
	0
	[0.01, 0.02]
	7.89
	64
	<0.001

	Substrate (wood)
	-0.1
	0.02
	[-0.14, -0.07]
	-6.47
	64
	<0.001

	Time * Substrate
	-0.02
	0
	[-0.02, -0.01]
	-6.66
	64
	<0.001



	PePl
	
	
	
	
	
	

	Parameter
	Coefficient
	SE
	95% CI
	t 
	df 
	p

	(Intercept)
	0.38
	0.03
	[0.32, 0.43]
	13.41
	84
	<0.001

	Time (in weeks)
	0.02
	0
	[0.01, 0.02]
	5.83
	84
	<0.001

	Substrate (wood)
	0.07
	0.04
	[-0.02, 0.16]
	1.57
	84
	0.116

	Time * Substrate
	0.01
	0
	[0.00, 0.02]
	2.06
	84
	0.04



	PlHe
	
	
	
	
	
	

	Parameter
	Coefficient
	SE
	95% CI
	t 
	df 
	p

	(Intercept)
	0.22
	0.01
	[0.20, 0.23]
	21.57
	64
	<0.001

	Time (in weeks)
	0.03
	0
	[0.03, 0.03]
	12.81
	64
	<0.001

	Substrate (wood)
	0.27
	0.01
	[0.25, 0.30]
	18.48
	64
	<0.001

	Time * Substrate
	-0.03
	0
	[-0.03, -0.02]
	-10.28
	64
	<0.001



	PlOm
	
	
	
	
	
	

	Parameter
	Coefficient
	SE
	95% CI
	t 
	df 
	P

	(Intercept)
	0.88
	0.03
	[0.81, 0.94]
	25.93
	74
	<0.001

	Time (in weeks)
	-0.09
	0
	[-0.09, -0.08]
	-21.18
	74
	<0.001

	Substrate (wood)
	-0.38
	0.05
	[-0.48, -0.27]
	-7.11
	74
	<0.001

	Time * Substrate
	0.07
	0.01
	[0.06, 0.09]
	11.98
	74
	<0.001





Supplementary Material
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Supplementary Figure 1. Theoretical mixed model results detailing difference in slope of proportion occupied between wood and agar as substrates. 


Supplementary Table 1. Tukey’s HSD test comparisons for respiration rate between species. With the exception of Peniophora sp. and Omphalotus sp., all test species had significantly different rates of respiration on cellulose. 
	
	p

	Om - He
	0.006

	Pe - He
	0.027

	Pl - He
	0.006

	Pe - Om
	0.925

	Pl - Om
	<0.0005

	Pl - Pe
	<0.0005




Supplementary Table 2. Tukey’s HSD test comparisons for growth rate between species. All test species had significantly different growth rates on agar. 
	
	p

	Om - He
	<0.0005

	Pe - He
	<0.0005

	Pl - He
	<0.0005

	Pe - Om
	<0.0005

	Pl - Om
	<0.0005

	Pl - Pe
	<0.0005
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