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Abstract 18 

 19 

In this era of rapid global change, factors influencing the stability of ecosystems and their 20 

functions have come into the spotlight. For decades the relationship between stability and 21 

complexity has been investigated in modeled and empirical systems, yet results remain largely 22 

context dependent. To overcome this we leverage a multiscale inventory of fungi and bacteria 23 

ranging from single sites along an environmental gradient, to habitats inclusive of land, sea and 24 

stream, to an entire watershed. We use networks to assess the relationship between microbiome 25 

complexity and robustness and identify fundamental principles of stability. We demonstrate that 26 

while some facets of complexity are positively associated with robustness, others are not. 27 

Beyond positive biodiversity x robustness relationships we find that the number of “gatekeeper” 28 

species or those that are highly connected and central within their networks, and the proportion 29 

of predicted negative interactions are universal indicators of robust microbiomes. With the 30 

potential promise of microbiome engineering to address global challenges ranging from human 31 

to ecosystem health we identify properties of microbiomes for future experimental studies that 32 
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may enhance their stability. We emphasize that features beyond biodiversity and additional 33 

characteristics beyond stability such as adaptability should be considered in these efforts.  34 

 35 

Introduction  36 

Stability, or the ability of biological communities to maintain their functions in the face of 37 

change, is paramount for the persistence of ecosystem services upon which all life on our planet 38 

relies. For over 70 years ecologists have debated the relationship between stability and 39 

ecosystem complexity (the biodiversity of an ecosystem and the interactions therein1,2). Counter 40 

to previous paradigms put forth by Odum (1953)3, Elton (1958)4 and others, supporting a 41 

positive complexity x stability relationship, May’s 19725 seminal paper proposed that more 42 

complex communities should be less stable. Among ecologists a resounding critique of May’s 43 

work was that these mathematical models did not represent real world systems. In response, food 44 

webs emerged as model natural study systems to determine the principles of stability6. However, 45 

even from these decades-long efforts, food web ecologists have yet to agree on the relationship 46 

between stability and complexity. Some propose complexity, inclusive of factors such as 47 

richness7, trophic interactions8 and phylogenetic diversity within and among guilds9, among 48 

others, is a fundamental property of stability as it buffers against extinction cascades; while 49 

others propose the opposite, that complexity potentially reduces the proportion of strong 50 

interactions among species leaving food webs more susceptible to collapse1,2,10. More recently it 51 

has been predicted that other facets of complexity such as dominantly competitive, or other 52 

negative interactions among species should enhance stability by diffusing the spread of 53 

perturbations, while others find that instead, mutualisms are stabilizing2. Part of the 54 

incongruence among studies may be that the definition of complexity varies among studies, and 55 

study systems vary in their innate complexity. Therefore, identifying inherently complex systems 56 

and measuring multiple facets of complexity to examine stability x complexity interactions may 57 

help reconcile some of these differences. Microbiomes offer this opportunity as they are some of 58 

the most complex biological communities on earth often involving interactions among thousands 59 

of taxa and spanning the spectrum of biotic interactions and inhabiting basically every organism 60 

and environment on the planet11.  61 

 62 
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While microbiomes may not always partition into discrete guilds like food webs, properties 63 

affecting their stability and robustness may be similar12,13. In ecological communities macro-64 

organisms engage in complex relationships with each other ranging from positive (e.g., 65 

mutualism, commensalism) to negative (e.g., parasitism, amensalism), which together influence 66 

community composition and the health of hosts and ecosystems14. Microorganisms are no 67 

different15, taking part in intricate webs of interactions with other microbes, hosts, and the 68 

environment that sustain the metabolic and biogeochemical backdrop against which life 69 

persists16,17. Enhancing microbiome stability has recently come under the spotlight as an 70 

aspirational goal for management and engineering efforts, to encourage microbiomes to 71 

successfully establish and maintain their functions18,19. Stability is also considered a key factor 72 

for microbiomes to resist or remain resilient against disturbances such as climate change, 73 

changes in host diet, or antibiotic treatments that can profoundly affect diversity and community 74 

composition and lead to alternative stable states which may, or may not be desirable20,21.  75 

 76 

Stability is a property influenced by many interacting factors including community resistance 77 

and resilience to disturbance, as well as how a community responds to species losses22. 78 

Extinction cascades or, the degree to which the loss of one species impacts the loss of others in 79 

the same system, generates variation in community robustness, which is an important measure of 80 

stability23. In the case of microbiomes, extinction cascades can not only lead to a loss of 81 

microbial biodiversity, but also potentially profoundly affect host and ecosystem function13. 82 

Currently, it is unclear whether there are universal principles that govern microbiome stability, or 83 

whether certain microbiomes are more robust than others. While some hosts and environments 84 

harbor specific microbes, many microbes traverse these boundaries and microbiomes in general 85 

have a tendency towards nestedness24. Therefore, assessing the guiding principles of microbiome 86 

stability demands an ecosystem-scale approach.  87 

 88 

Unlike many macro-organismal food webs, it is challenging to directly observe phenomena such 89 

as extinction cascades, competition, or keystone species in microbiomes due to their complex, 90 

ephemeral, and microscopic nature. Methods to overcome these challenges include 91 

computational tools such as co-occurrence networks built from targeted or untargeted 92 

metagenomic data25, which are a practical lens to assess various components of stability 93 
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including robustness. In these networks adopted from graph theory, nodes represent taxa and 94 

edges represent statistically significant occurrence or abundance associations between them, 95 

either positive or negative. An important caveat for these computational methods is that they 96 

generate predictions of biologically meaningful interactions, which need to be validated. 97 

However, the power of network methods lies in their ability to embrace the often otherwise 98 

intractable diversity of microbiomes to generate strong scalable hypotheses, which can then be 99 

tested through more reductionist approaches. Furthermore, co-occurrence patterns (e.g. 100 

presence/absence) form the fundamentals of community assembly regardless of whether 101 

members directly interact or not26.  102 

 103 

Similar to stable food webs, stable networks should be robust to node removal27, meaning their 104 

structures resist rapid collapse when nodes are removed. However, not all nodes are “created 105 

equal” and similar to the concept of keystone species, the removal of highly connected and 106 

central nodes within a network should lead to more rapid collapse28. Other node-specific or 107 

global network properties related to complexity should also impact robustness. For example, 108 

node richness and the ratio of edges to nodes should be positively correlated with robustness if 109 

there is a positive complexity x stability relationship. Modularity, which measures the 110 

partitioning of species into distinct and highly connected sub-communities, should also have a 111 

positive relationship with network stability where higher modularity should contain the effects of 112 

disturbance to specific modules rather than impacting the entire network29, a concept reminiscent 113 

of what May5 referred to as “blocks.” Another is connectance or the number of realized edges in 114 

a network among all the possible ones. Higher degrees of connectance within a network should 115 

result in greater robustness due to more paths among nodes damping the effect of changes in any 116 

one node’s persistence on the persistence of others, similar to the concepts derived from 117 

MacArthur’s 195530 models of population and community stability. However, whether these, or 118 

other network properties universally increase microbiome robustness has yet to be established. 119 

 120 

We broadly define microbiome robustness as the relative ability to maintain network structure in 121 

the face of node removal. We predict that the sequential removal of highly central and connected 122 

nodes from networks will have the greatest negative effect on robustness relative to the removal 123 

of less central and less connected nodes, with the effect of random node removal intermediate 124 
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between these two extremes. We also predict that network robustness will be positively 125 

correlated with multiple measures of complexity including richness, connectance, edge to node 126 

ratio, predicted negative interactions, modularity and phylogenetic diversity.  127 

 128 

We define a universal feature of microbiome robustness as a property that consistently predicts 129 

robust microbiomes across networks regardless of the spatial scale they represent. To determine 130 

whether there are universal properties of robust microbial networks requires a tractable, yet 131 

diverse study system, and so far studies are confined to single systems and sample types (mostly 132 

soil), and often single domains of microbial life (mostly bacteria), limiting their 133 

generalizability31. We address this by capturing free-living and host-associated microbiome 134 

diversity across a remarkably steep environmental gradient including connected marine, 135 

freshwater stream, and terrestrial habitats in a spatially compact and experimentally tractable 136 

watershed in Waimea, Oʻahu, USA (Figure S1). Our model ridge-to-reef Hawaiian ecosystem 137 

spans an entire hydrologic cycle and four Köppen climate types, thus our study system plausibly 138 

reflects microbial diversity and dynamics at much broader geographic scales24.  139 

 140 

Results  141 

Microbiome networks are non-random  142 

We generated 33 networks representing fungi, bacteria and interkingdom co-occurrences for an 143 

entire watershed, its constituent marine, stream and terrestrial habitats, as well as sites along a 144 

steep environmental gradient within the watershed (Figs. 1, S2-S7, Table S1). Spatial 145 

autocorrelation of operational taxonomic unit (OTU) abundances was not significant in fungi (r = 146 

0.018, P = 0.072), and was significant, but weak, in bacteria (r = 0.055, P = 0.001). Fungal and 147 

bacterial OTUs co-occurred across hosts and environmental substrates (Fig. S8), and module 148 

composition indicates that network interactions and properties are not constrained by specific 149 

hosts or environmental substrates (Fig. 1d-f). Networks exhibited non-random interactions, as 150 

determined by their non-Poisson degree distributions and small world properties (Tables S2). 151 

Network node degree distributions generally fit a power-law function with a few exceptions: 152 

watershed-wide bacterial and interkingdom node degree distributions both fit best to a gamma 153 

distribution32, and interkingdom node degree distributions in the stream and terrestrial networks, 154 

as well as the terrestrial bacterial network all fit best to the Weibull distribution33 (Table S2). For 155 
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these networks, as additional tests of non-randomness, we compared their clustering coefficients 156 

(Cl, the average proportion of pairs of nodes one edge away from a node that is also linked to 157 

each other) and connectance (C), which for a random network should be equal34. In all cases Cl 158 

was not equal to C (Table S3). The relationships between node degree and node betweenness 159 

centrality were significant and positively correlated for all networks (R2 0.331-0.633, P<0.001, 160 

Fig. S9).  161 

 162 

Interkingdom networks harbor more connected and centralized taxa than bacterial or fungal 163 

alone 164 

The number of connections among taxa or node degree, was highest among interkingdom 165 

networks, followed by bacteria and then fungi for the entire watershed (P<0.001), habitats 166 

(P<0.001), and all gradient sites (P<0.001; Figs S10-S12, Table S4). Similarly, across the entire 167 

watershed, habitats and the gradient, interkingdom betweenness centrality values were also 168 

significantly higher than those of fungi and bacteria (P<0.001, Figs. S10-S12, Tables S5). This 169 

indicates that bacterial and fungal nodes became more connected and more centralized in the 170 

networks when considered together rather than independently. In the watershed, fungal and 171 

bacterial networks’ betweenness centrality values were not significantly different from each 172 

other (P=0.940, Table S5); whereas among the habitats and gradient sites betweenness centrality 173 

was significantly higher for fungal networks than for bacterial (P<0.033, Figs S10-S12., Table 174 

S5). Within domains, unique patterns of node degree and betweenness centrality values emerged 175 

among habitats and across the gradient sites, with network properties for interkingdom generally 176 

more similar to those of bacteria than fungi (Figs S10-S12, Tables S6-S7) 177 

 178 

Universal principles of microbiome network stability 179 

We identify universal properties of robust microbiome networks as those with highly centralized 180 

and connected taxa, and those dominated by predicted negative interactions. We find these 181 

patterns to hold across all spatial scales from the entire watershed, to its constituent marine, 182 

stream and terrestrial habitats as well as along a strong terrestrial environmental gradient (Figs. 2 183 

& 3, S13). In each network 84%-100% (average 97.95% SD±3.63%) of the taxa were 184 

encompassed within the starting largest connected component. At all scales including the 185 

watershed (Fig. 2a), habitats (Fig. 2b-d), and the gradient sites (Fig 2e-k), the removal of taxa 186 
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with high betweenness centrality led to more rapid decay of network structure relative to the 187 

removal of taxa with low betweenness centrality or at random. Contrary to our prediction, the 188 

removal of nodes with low betweenness centrality or random removal generally produced similar 189 

patterns of robustness, except in the case of random node removal in some fungal networks that 190 

led to more rapid network collapse (Fig. 2, Fig. 4, Fig. S14). Interkingdom networks involving 191 

fungal and bacterial co-occurrences were more stable than fungal networks alone, and 192 

predominantly more stable than bacterial networks alone (Fig. 2, Table S8). 193 

 194 

Marine networks were less robust than stream or terrestrial ones (Fig. 4) and marine bacteria 195 

were significantly more closely related to one another than in the other two habitats (P < 0.001; 196 

Fig S13, Table S8 & S9). Across fungal, bacterial and interkingdom networks the ridge site at 197 

the headwaters of the watershed was the least robust among other gradient networks, and 198 

bacteria there were also significantly more phylogenetically clustered (P < 0.007; Fig. S13 & 199 

S14, Tables S8 & S10). The relationship between phylogenetic diversity and habitats or sites was 200 

not biased by sample richness (R2 = 0.006, P < 0.001, R2 = 0.006, P < 0.001, respectively; Fig. 201 

S15).  202 

 203 

Overall we found a positive robustness x complexity relationship, but not every measure of 204 

complexity was positively correlated with robustness. Network robustness was correlated with 205 

OTU richness (P=0.001, R2=0.30, Fig. 5), but when we controlled for richness by downsampling 206 

each network to equal numbers of fungal, bacterial and interkingdom nodes, consistent additional 207 

predictors of robustness remained (Fig. S16). As predicted, connectance (R2=0.53; P<0.001), 208 

edge to node ratio (R2 =0.32; P<0.001), and proportion of predicted negative interactions (R2 209 

=0.42; P<0.001), were significantly and positively correlated with observed network robustness 210 

(Fig. 5). However, counter to our prediction, we found a strongly significant and negative 211 

correlation between robustness and modularity (P<0.001 , R2=0.84). When controlling for 212 

differences in node richness, robustness remained similar across the watershed networks, but 213 

habitat networks began to collapse more rapidly (Fig. 2a-d). Specifically, the robustness of the 214 

marine interkingdom network decreased and became more similar to that of marine fungi, which 215 

were largely unaffected (Fig. 2d & Fig. 4). Overall patterns of robustness largely remained 216 

consistent regardless of whether richness was held constant or not - the marine habitat and ridge 217 
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site were the least robust as were fungal networks relative to bacterial and interkingdom (Fig. 2, 218 

Fig. 4 & Fig. S14). By leveraging the global-scale heterogeneity of our study site we posit that 219 

these properties are not context dependent, but rather potential fundamental rules of life for 220 

microbial interactions.  221 

 222 

Discussion 223 

The stability of networks ranging from ecosystems to the internet to neuron pathways in the 224 

brain, or in this case, microbiomes, is affected by numerous properties of these systems inclusive 225 

of resistance and resilience against disturbance8,35, the ability to “rewire” interactions36, as well 226 

as their robustness or the ability to maintain structure and function in the face of loss such as 227 

brain damage or species extinctions37. The perceived importance of microbiome stability largely 228 

stems from studies of human and other organisms’ health where a dysbiotic, or unstable 229 

microbiome is considered a disease indicator13. However, disruption is natural in any system, 230 

therefore, defining the properties that maintain function despite disturbances are key. Network 231 

tools have their limitations for inferring specific functions, but there is mounting evidence that 232 

network complexity is often linked to stability in real world systems1. As demonstrated here, 233 

complexity cannot be defined by any one property and some are better predictors of robustness 234 

than others.  235 

 236 

From our assessment of 33 networks spanning microbiomes inhabiting a range of spatial scales, 237 

environments and habitats, universal principles of microbiome robustness have emerged. In 238 

particular, robust networks were characterized by the maintenance of taxa that are highly 239 

connected and central within their co-occurrence networks, especially interkingdom networks 240 

with relatively higher proportions of predicted negative interactions. The role of these highly 241 

connected and central taxa in maintaining network architecture has parallels to keystone species 242 

in food webs, where their extinction has drastic impacts on communities and their functions38. 243 

While it is difficult to predict from taxa-based co-occurrence networks what functions of the 244 

microbiome might be compromised by keystone species’ extinctions, it is clear from our results 245 

that the diversity and composition of both fungal and bacterial communities would change 246 

significantly. For example, across the whole watershed, removing <10% of the bacteria and fungi 247 

with the highest betweenness centrality values led to a loss of  >40% of all nodes, and similar 248 
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patterns were observed across networks at all spatial scales (Fig. 2). While taxa with high 249 

betweenness centrality have similar roles in maintaining network structure, their identities among 250 

networks were not the same despite significant overlap in microbial community composition 251 

across hosts, habitats and the watershed (Fig. S17). Therefore, the shared specific properties of 252 

these taxa that encourage robustness deserves further investigation. Interkingdom interactions 253 

generally increased robustness, but this may again be a product of node-based properties such as 254 

node betweenness centrality and node degree, which were always significantly higher in 255 

interkingdom networks than single domains. However, betweenness centrality may be a stronger 256 

determinant of stability than node degree alone as previous studies have shown that only these 257 

nodes act as bridges connecting other highly central nodes, and their removal decreases network 258 

function39. Higher interkingdom node degree and betweenness centrality may be owed to fungi 259 

acting as connectors between modules in multi-kingdom assemblages40, possibly through the 260 

provision of physical niche space for bacterial colonization and dispersal41, or via metabolites 261 

that bacteria may exploit in nutrient-limited environments42. Therefore, despite fungal networks 262 

alone being least robust, the presence of fungi led to overall increased network stability. 263 

 264 

We found interkingdom networks followed by bacteria and then fungi, to consistently harbor 265 

more predicted negative interactions, as well as a strong positive relationship between robustness 266 

and the proportion of negative edges in a given network. Whereas positive interactions have the 267 

potential to catalyze the mutual downfall of coupled species13, the prevalence of predicted 268 

negative interactions among more robust microbiome networks may be due to competition, 269 

predator-prey interactions, parasites or pathogens diffusing the effects of disturbances43 while 270 

keeping populations of detrimental species in check. For example, food web models put forth by 271 

Gross et al.10 found predator diversity to be a stabilizing factor by keeping prey populations 272 

under control. A similar result was also found in empirical food web research, where low 273 

predator-prey ratios tended to stabilize soil food webs44. Certain lineages of bacteria achieve this 274 

by suppressing pathogenic fungi through competitive root colonization, antifungal metabolite 275 

synthesis, or other biocontrol activities45. Pathogenic microbes themselves may also stabilize 276 

communities by promoting selected taxa and limiting the colonization of other microbes46. In our 277 

networks, fungal nodes assigned to Candida albicans always formed negative edges with 278 

Weissella, a genus of lactic acid bacteria with known antifungal activities that specifically 279 
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inhibits C. albicans biofilm formation47. Weissella spp. also suppress pathogenic bacteria such as 280 

those in the genus Acinetobacter, and this negative link was also present in our networks48.  281 

 282 

We set out to assess not only the effect of targeted and untargeted (random) node removal on 283 

microbiome robustness, but also the relationship between robustness and various measures of 284 

complexity. We use a definition of complexity, node richness and their edges, that parallels the 285 

ecological definition of species diversity and their interactions1. We find that while node (taxa) 286 

richness alone has a positive relationship with robustness, other additional measures of 287 

complexity are equally, if not more important for predicting stable microbiomes. Specifically, 288 

two related indices, connectance or the proportion of realized predicted interactions relative to all 289 

possible ones, and observed edge to node ratio. Both properties have previously been shown to 290 

be important for the stability of food webs6, social networks and cells37, but here we find they are 291 

also strong predictors of microbiome stability, even when accounting for the effect of richness on 292 

these relationships. So, while much emphasis has been placed on the importance of biodiversity 293 

for maintaining function, we suggest that additional consideration of interaction type (positive or 294 

negative) and interaction frequency is warranted.  295 

 296 

Despite their stabilizing effect on bacterial networks, fungal networks alone were universally the 297 

least robust and defined by their high modularity, many positive edges and low node degree. 298 

High modularity is a network property that has repeatedly been associated with stability, 299 

purportedly due to the inability of disturbances to radiate beyond individual modules14,31. 300 

However, in the case of our robustness analyses which measured the remaining size of the largest 301 

network component (module) after node removal relative to its starting size, rapid module 302 

collapse may be due to the extinction of specific keystone taxa connecting multiple network 303 

components. This suggests that fungi connect sub-networks and potentially facilitate 304 

connectivity and resource sharing to a greater extent than bacteria40, but this increased 305 

communicability may be conferred at the expense of network stability49. Fungal networks were 306 

also composed primarily of positive edges (>95%; Fig. 3), which could potentially explain their 307 

low robustness and predicted vulnerability to extinction cascades. Although cooperative 308 

mechanisms may be beneficial to the fitness of individual hosts, positive interactions are thought 309 

to destabilize ecological networks as perturbations can spread more rapidly when species are 310 
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tightly linked in positive feedback loops13,50. For this reason, the loss of any one fungal species 311 

causes a more rapid deterioration of the network.  312 

We assessed the complexity x stability relationship for a wide range of microbiomes found 313 

across land, sea and stream and inhabiting hosts ranging from birds to bugs to plants. While 314 

much prior attention has been placed on the value of biodiversity, specifically species diversity, 315 

in maintaining stable communities and their functions2, we find that additional aspects of 316 

complexity such as the frequency and type of interactions among species are equally if not more 317 

important predictors of robustness. Also, networks inclusive of the least robust microorganism 318 

networks, in this case fungi, generally increased the overall stability of bacterial networks, 319 

indicating that interkingdom co-occurrences are another important and often overlooked 320 

component of complexity that can positively affect stability. While stability may promote long-321 

term coexistence of species18,19, other examples of stability in nature include less-favorable 322 

ecosystem states such as biological invasions20 and gut microbiota dysbiosis following antibiotic 323 

treatment21. Therefore, in the context of microbiome engineering it is critical to consider the 324 

properties of the reference system, whether it be a healthy gut, a productive agricultural field or 325 

an ecosystem, that are important to emulate, which may, or may not include stable microbial 326 

communities or stable functions of the microbiome. Indeed, enhancing the ability of 327 

microbiomes to acclimate or adapt rather than just persist may be an equally important 328 

aspirational trait for microbiome engineering and one that is only recently beginning to receive 329 

attention51. Future experiments assessing these principles are encouraged as this watershed-wide 330 

model study system has now provided clear testable hypotheses for the fundamental building 331 

blocks of microbiome stability.  332 

 333 

Methods 334 

Sampling Description 335 

Our model watershed in the Waimea Valley, Oʻahu, Hawaiʻi U.S.A contains a precipitation 336 

gradient rivaling that of entire continents (change of ~3.5 m in precipitation from the headwaters 337 

to estuary), where in less than 12 km rainfall levels at the driest and wettest sites match those 338 

observed in the driest portion of the African savanna to the Hoh Rainforest, WA, the wettest 339 

place in the continental United States. This gradient corresponds with additional dramatic 340 

changes in temperature and elevation (Fig. S1a). Microbial diversity was sampled across the 341 
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entire Waimea watershed, from seven paired stream and terrestrial plots (20 m diameter) and 342 

seven marine plots from near-shore sand flats and coral reefs of the bay (21 plots total). From 343 

each plot, 113 + 54.5 (SD) biological samples were collected from host organisms and 344 

environmental substrates (Fig S1b). Sampling was roughly balanced across plots by trophic 345 

hierarchy (primary producers, consumers, or environmental substrates; Fig. S1c), and sample 346 

type followed the Earth Microbiome Project ontology (EMPO), which delineates samples by 347 

host association, salinity, and substrate type11. Of the most granular of the EMPO categories 348 

(EMPO3) we sampled 13 out of the 17 total. Thus, our sampling effort covers >75% of earth's 349 

microbial habitats. Fungal and bacterial amplicons (ITS and 16S) were sequenced on an Illumina 350 

HiSeq run with 2 x 250 paired-end sequencing (Illumina Inc., San Diego, CA, USA). For full 351 

details on sampling, see24. 352 

 353 

Bioinformatics and statistics 354 

Bacterial and fungal sequences were processed, filtered, and annotated using the Metaflow|mics 355 

pipelines52 as in 24. Sequences were clustered into 97% operational taxonomic units (OTUs) 356 

using the uclust function in QIIME version 1.9.153. Here, we use 97% sequence similarity OTUs 357 

for both ITS and 16S, which represents species equivalents in the former54 and likely a slighter 358 

higher level of biological organization the latter55. As with any distance thresholds used for OTU 359 

construction, there will always be a tradeoff in terms of grouping or splitting sequencing reads56. 360 

Samples and OTUs with low abundance were removed, with cutoffs determined by “breaks” in 361 

distributions of log-transformed read counts by sample and OTU. For fungi, this entailed culling 362 

samples with 190 or fewer reads and OTUs with 4 or fewer reads. For bacteria, we culled 363 

samples with 3,000 or fewer reads and OTUs with 5 or fewer reads. Because OTUs with low 364 

prevalence can lead to the formation of spurious edges in co-occurrence networks31 we filtered 365 

out OTUs present in fewer than 20% of samples in the whole dataset within a given sample type 366 

(EMPO3 designation). We also removed OTUs present in only one sample, as these OTUs could 367 

not co-occur with other OTUs. The sums of prevalence-filtered OTUs were kept in a separate 368 

row to maintain overall sample counts in network inference, and this row was removed for 369 

downstream network visualization and analysis. Each resulting dataset consisted of 1,384 370 

samples with 2,128 OTUs in the ITS dataset, and 13,468 OTUs in the bacterial 16S dataset. 371 

Spatial autocorrelation was assessed for each locus (16S and ITS) using a Mantel test on a Bray-372 
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Curtis distance matrix of OTU abundances and a geographic distance matrix. Significance was 373 

determined with the Spearman correlation coefficient and 999 permutations. The overlap of 374 

OTUs among EMPO3 sample types for bacteria and fungi was visualized using venn diagrams 375 

(Fig. S8). 376 

 377 

Network Construction 378 

All analyses were conducted in R v.4.0.0. Co-occurrence networks were constructed using the 379 

SpiecEasi package57, which considers the compositional nature of microbial data, is suitable for 380 

datasets in which OTUs outnumber samples, and is robust against false positives, outperforming 381 

methods such as traditional Pearson correlations or SparCC. SpiecEasi was also chosen for its 382 

ability to handle interkingdom data by applying the center-log ratio transformation to each 383 

dataset before concatenation, which satisfies the assumptions of equations used to generate the 384 

inverse covariance matrix58. All networks (single- and interkingdom) were constructed using the 385 

Meinshausen and Bühlmann (“MB”) method on our prevalence-filtered abundance tables, with a 386 

pulsar parameter threshold of 0.01 and screening parameter set to TRUE to account for large 387 

OTU counts. A lambda minimum ratio of 1e−5 was used unless otherwise specified. Rather than 388 

specifying correlation thresholds for edge formation, SpiecEasi infers edges by conditional 389 

independence, where an edge can only exist between two nodes given all other nodes in the 390 

network. That is, if a relationship between two nodes can be explained by an external taxon, an 391 

edge will not be inferred, reducing the incidence of indirect edges59. Rather than with a false 392 

discovery rate, the fidelity of a network generated in SpiecEasi comes from the process of 393 

sparsity tuning57. A graph solution path from empty to complete is produced, and 80% 394 

subsamples of the data are randomly and repeatedly taken to estimate the full solution path. The 395 

final selected graph has the most stable edge incidences across subsamples, based on an 396 

optimized lambda value balancing sparsity and model fit, where sparser networks indicate less 397 

variable edges. Edge sign (positive or negative) is taken from the regression coefficients from 398 

SpiecEasi57. 399 

 400 

A common concern with network interpretation is the unknown influence of abiotic factors on 401 

edge inference, in that it is possible for edges to form from common responses to environmental 402 

factors rather than actual species interactions60. One suggestion to mediate this issue is to hold 403 
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these variables constant among constructed networks60. However, this leads to context 404 

dependency thereby limiting the inference of universal microbiome properties (i.e., one could 405 

say that a property is stabilizing in high-saline environments, but not all environments). Because 406 

our goal was to identify fundamental attributes of microbiome stability regardless of 407 

environmental influence we deemed “universal” properties those that were consistent across 408 

networks representing (1) the whole watershed (2) its intrinsic diversity of environments as well 409 

as (3) sample types among these environments and between microbial kingdoms.  410 

 411 

Networks representing the entire watershed were constructed from the full fungal and bacterial 412 

datasets with a lambda minimum ratio of 1e-2 to account for large OTU counts. Resulting full 413 

fungal, bacterial, and interkingdom networks were represented by 2,128 OTUs, 13,468 OTUs, 414 

and 15,596 OTUs, respectively. The full datasets were also used to construct networks 415 

representing individual habitats and sites along the terrestrial gradient, but were subject to 416 

separate culling measures to address differences in sequencing depth before network assembly. 417 

From each habitat (marine, stream, and terrestrial), we randomly selected the lowest common 418 

number of samples (17) across five distinct EMPO3 categories kept roughly standardized by 419 

trophic guild, for a total of 85 samples per network. From each terrestrial gradient site (Beach, 420 

Estuary, Entrance, Confluence, Waterfall, Drum Road, and Ridge), we randomly selected the 421 

lowest common number of samples within an EMPO3 category across all sites, for a total of 46 422 

samples per network. The resulting OTU counts for each habitat and gradient network are listed 423 

in Table S1, and generally range from 918 to 9,061 OTUs in habitat networks, and 721 to 6,627 424 

OTUs in gradient networks. To assess the influence of richness on observed network properties, 425 

trimmed networks for each scale (watershed, habitat, and terrestrial gradient) were also generated 426 

by culling networks to the lowest common number of nodes (721 nodes). 427 

 428 

Network Characterization 429 

Networks were analyzed using the igraph package61. To assess whether the inferred associations 430 

differed from random expectations (e.g., Poisson node degree distribution), we tested each 431 

network for small-world and scale-free patterns39,62. Node degree (k, the number of connections 432 

to a node) was calculated for each network and the distribution of node degree (P(k)) was used 433 

for the assessment of whether networks are scale-free. Node betweenness centrality (g) or how 434 
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often a node occurs along the shortest path between other nodes was used for the assessment of 435 

node contribution to network robustness.  Complexity as measured by node count (richness) and 436 

edge to node ratio, along with modularity (the degree to which a network partitions into distinct 437 

and highly connected sub-communities) and connectance (C, the number of realized edges in a 438 

network among all the possible ones), were also calculated. The relationship between node 439 

degree and betweenness centrality for all networks was examined via linear regression for all 440 

networks (whole watershed, habitat and gradient; Fig S9) and significant differences in node-441 

level metrics (node degree and betweenness centrality) were calculated with ANOVA and 442 

Tukey’s honestly significant difference tests. Modules were identified using the rnetcarto 443 

package63, and we calculated percentages of EMPO3 categories per module by taking the 444 

samples associated with a given module’s OTUs and the EMPO3 categories from which they 445 

came. Negative edges were identified using the beta matrix from SpiecEasi57, and the percentage 446 

of negative edges was calculated for each network.  447 

 448 

Robustness Analyses 449 

Extinction cascades or food web collapses are often linked to the loss of specific species with a 450 

relatively large number of interactions with other species64. Similarly, we can quantify 451 

microbiome network stability via attack robustness in which nodes (microbial taxa) are 452 

sequentially removed in order of their relative betweenness centrality or at random. Then, we can 453 

measure the size of the largest remaining connected component in the network and divide this 454 

value by the starting size of the largest component as an indicator of network stability based on 455 

the remaining ability of nodes to interact with one another28,39. Robust networks are considered 456 

those with connected structures maintained despite the loss of nodes, which is indicated by a 457 

larger area under the curve (AUC)58.  458 

 459 

Robustness curves were calculated using the brainGraph package65. We generated three curves 460 

for each network: random node knockout (error attack), and two forms of targeted attack: nodes 461 

with the highest or lowest betweenness centrality, calculated iteratively after each knockout37. 462 

Robustness curves were generated for all single- and interkingdom networks (whole-watershed, 463 

habitat, and the terrestrial gradient) and compared within network type. To examine the 464 

relationships between robustness and complexity (as measured by richness, the ratio of edges to 465 
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nodes, connectance, modularity, and percent negative edges) we plotted the AUC for each 466 

fungal, bacterial, and interkingdom networks for each scale (watershed, habitat, and gradient), 467 

and performed linear regression.  468 

 469 

Phylogenetic Diversity of Bacterial Communities 470 

To examine the relationship between bacterial phylogenetic diversity (a form of complexity) and 471 

robustness, phylogenetic diversity was calculated as the mean pairwise phylogenetic distances 472 

(MPD) between OTUs within every sample present in a bacterial network (i.e., MPD values 473 

were not derived from networks themselves). This analysis was not done for fungal samples 474 

because the ITS locus is less phylogenetically informative. Standardized effect sizes (SES) of 475 

phylogenetic community structure were computed by comparing observed MPD values to MPD 476 

values expected under a null model where the taxa labels of each sample’s distance matrix were 477 

randomized, and iterated 999 times. Calculating SES values, as opposed to MPD alone, allows us 478 

to examine whether co-occurring OTUs are more or less related than expected by chance, across 479 

habitats and sites along the terrestrial gradient. Negative SES values indicate greater 480 

phylogenetic clustering, while positive values indicate phylogenetic dispersion66. Calculations 481 

were done using the picante package66, with the original distance matrix computed using 482 

cophenetic in base R. Significant differences in MPD between habitats or sites along the 483 

terrestrial gradient were determined with ANOVA and Tukey’s HSD tests. 484 
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 485 

Figure 1. Microbial co-occurrence networks representing an entire watershed. a-c, Visualizations of fungal (a), bacterial (b), and 486 

interkingdom (c) networks. Networks are colored and labeled by module, with fungal modules beginning in “F”, bacterial modules 487 

beginning in “B”, and interkingdom modules beginning in “I”. For visual clarity, only fungal modules with more than 10 Operational 488 

Taxonomic Units (OTUs) are shown. Node shapes are delineated by microbial kingdom and edge colors by edge sign (positive or 489 
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negative). d-f, Pie charts representing the host and environmental substrate associations of each module. Pie chart sections correspond 490 

to the percentages of samples harboring module OTUs that originated from a given host or environmental substrate. 491 

 492 
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Figure 2. Removal of taxa with high betweenness centrality leads to more rapid network collapse than removal of those with low 494 

betweenness centrality or random removal. Attack robustness of microbial co-occurrence networks representing the watershed (a), 495 

habitats within the watershed (b-d) and sites along a steep environmental gradient within the watershed (e-k). Robustness is measured 496 

as the size of the largest remaining network component relative to its starting size (which in this case included an average of 97.95% 497 

SD±3.63% of all nodes) after nodes are removed in order of high betweenness centrality (dark solid lines), low betweenness centrality 498 

(dashed lines), or at random (dotted lines). The lightened lines on each panel represent removal of nodes with high betweenness 499 

centrality from downsampled networks each with the same number of nodes as the smallest network (721). Each line represents a 500 

network from either fungi (green), bacteria (blue) or interkingdoms (brown). More robust networks are indicated by a larger area 501 

under the curve. The dots in each subpanel represent each networks’ robustness metric as measured by area under the curve. 502 

 503 

 504 

 505 

 506 

 507 
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 508 

Figure 3. Interkingdom networks consistently have a greater proportion of negative edges in every respective network type. Proportion 509 

of negative edges in whole watershed networks (a), habitat networks (b), and gradient networks (c; left, right, and center). All bars are 510 

colored by kingdom. For gradient networks (c), sites are listed from left to right in order from the mouth to the headwaters of the 511 

watershed.  512 
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 513 

 514 

Figure 4. The removal of taxa with high betweenness centrality leads to rapid network collapse especially in marine habitats across 515 

fungal, bacterial and interkingdom networks. Attack robustness of fungal, bacterial, and interkingdom networks by habitat (a-c). 516 

Robustness is measured as the size of the largest remaining network component relative to its starting size (which in this case included 517 

an average of 99.35% SD±1.53% of all nodes) after nodes are removed in order of high betweenness centrality (dark solid lines), low 518 

betweenness centrality (dashed lines), or at random (dotted lines). The lightened lines on each panel represent removal of nodes with 519 

high betweenness centrality from downsampled networks each with the same number of nodes as the smallest network (721). Each 520 

line represents either the marine (dark blue), stream (light blue) or terrestrial (green) habitat. More robust networks are indicated by a 521 

larger area under the curve. The dots in each subpanel represent each networks’ robustness metric as measured by area under the 522 

curve. 523 
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 524 

Figure 5. Most measures of complexity are positively related to network robustness except modularity. Linear regressions examining 525 

the relationship between robustness (area under the curve from figure 2) and various measures of complexity including richness (a), 526 

connectance (b), edge to node ratio (c), proportion of negative edges (d) and modularity (e). Each symbol represents either bacterial 527 
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(circle), fungal (triangle) or interkingdom networks (squares) and each color a network of different spatial scale. All relationships are 528 

statistically significant at α≤0.05 and p<0.001 to p=0.001.529 
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Data Availability 530 

DNA sequences and project metadata are archived in the NCBI Sequence Read Archive (SRA) 531 

underBioProject accession no. PRJNA701450 and in Qiita under study ID 13115.  532 

 533 

Code Availability 534 

All data and code for analyses are located at https://github.com/kkajihara/waimea_stability.  535 
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