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Abstract

:

Ecological mechanisms influence relationships among microbial communities, which in turn impact biogeochemistry. In particular, microbial communities are assembled by deterministic (e.g., selection) and stochastic (e.g., dispersal) processes, and the relative balance of these two process types is hypothesized to alter the influence of microbial communities over biogeochemical function. We used an ecological simulation model to evaluate this hypothesis, defining biogeochemical function generically to represent any biogeochemical reaction of interest. We assembled receiving communities under different levels of dispersal from a source community that was assembled purely by selection. The dispersal scenarios ranged from no dispersal (i.e., selection-only) to dispersal rates high enough to overwhelm selection (i.e., homogenizing dispersal). We used an aggregate measure of community fitness to infer a given community’s biogeochemical function relative to other communities. We also used ecological null models to further link the relative influence of deterministic assembly to function. We found that increasing rates of dispersal decrease biogeochemical function by increasing the proportion of maladapted taxa in a local community. Niche breadth was also a key determinant of biogeochemical function, suggesting a tradeoff between the function of generalist and specialist species. Finally, we show that microbial assembly processes exert greater influence over biogeochemical function when there is variation in the relative contributions of dispersal and selection among communities. Taken together, our results highlight the influence of spatial processes on biogeochemical function and indicate the need to account for such effects in models that aim to predict biogeochemical function under future environmental scenarios.
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1. Introduction


Recent attempts to link microbial communities and environmental biogeochemistry have yielded mixed results [1,2,3,4,5,6], leading researchers to propose the inclusion of community assembly mechanisms such as dispersal and selection in our understanding of biogeochemistry [2,7,8,9]. Although much work has examined how assembly processes influence the maintenance of diversity and other ecosystem-level processes in macrobial systems [10,11,12,13], our comprehension of how these processes influence microbially-mediated biogeochemical cycles is still nascent [2,8,14]. Thus, there is a need to discern the circumstances under which knowledge on assembly processes is valuable for predicting biogeochemical function.



Community assembly processes collectively operate through space and time to determine microbial community composition [3,7,14,15]. They fall into two predominate categories that can be summarized as influenced (i.e., deterministic) or uninfluenced (i.e., stochastic) by biotic and abiotic environmental conditions. Stochastic processes can be further classified into dispersal, evolutionary diversification, and ecological drift, while determinism is largely dictated by selection [7,16]. We refer readers to a recent review article for a more nuanced understanding of deterministic influences on dispersal and of stochastic influences on selection, which are not discussed here [17]. Experimental research has shown unpredictable relationships between microbial diversity and biogeochemical function (generically defined here to represent any biogeochemical reaction of interest), leading to the hypothesis that differences in community assembly history—and thus the relative contributions of stochastic and deterministic processes—drives relationships between microbial community structure and biogeochemical function [8,9].



Dispersal in particular may vary the relationship between community structure and biogeochemical function [7]. Both positive and negative associations between dispersal and community function have been hypothesized (reviewed in [18]). The ‘portfolio effect’ argues for enhanced community functioning under high levels of dispersal, proposing that high diversity communities are more likely to contain more beneficial species properties on average than lower diversity communities [19,20]. Additionally, if dispersal increases biodiversity, there should be a greater chance that the community can occupy more niche space (i.e., niche complementarity), reducing direct competition and increasing function [21].



Alternatively, dispersal may decrease community-level biogeochemical function [7,22]. High rates of dispersal can add organisms to a microbial community that are not well-suited to local environmental conditions (i.e., mass effect or source-sink dynamics [23,24]). Maladapted individuals may invest more in cell maintenance to survive as opposed to investing in cellular machinery associated with biogeochemical reactions needed to obtain energy for growth and reproduction. In this case, the community’s ability to drive biogeochemical reactions may be depressed. For instance, pH [25] and salinity [26,27] are widely considered strong regulators of microbial community structure. If microorganisms are well adapted to and disperse from a moderate pH or salinity environment to a more extreme environment, they may be maladapted and have to expend energy to express traits that maintain neutral internal pH (e.g., H+ pumps) or maintain cellular water content (e.g., osmotic stress factors). These cell maintenance activities detract from the energy available to transform biogeochemical constituents and may suppress overall community rates of biogeochemical function. In contrast, locally adapted species would putatively have more efficient mechanisms for cell maintenance in the local environment and be able to allocate more energy for catalyzing biogeochemical reactions.



These dispersal effects also interact with local selective pressures and the physiological ability of organisms to function across a range of environments to collectively influence biogeochemical function in uncertain ways. Here, we propose that (1) communities more influenced by dispersal are composed of species that are less well adapted to the local environment and, in turn, that (2) dispersal-based assembly processes decrease biogeochemical function (Figure 1). Our aim is to formalize these hypotheses and provide a simulation-based demonstration of how dispersal-based assembly can influence function. To do so, we employ an ecological simulation model to explicitly represent dispersal and selection-based processes, and we leverage ecological null models that have a long history of use in inferring assembly processes [28]. We link the resulting communities to biogeochemical function through organismal fitness. In our conceptualization, biogeochemical function is a generic representation, and thus, our results can be applied to any process of interest.




2. Materials and Methods


All simulations, null models, statistical analyses, and graphics were completed in R software (https://cran.r-project.org/). The simulation model consisted of two parts and was followed by statistical analysis. The model builds upon previous work by Stegen, Hulbert, Graham, and others [2,14,15,30,31,32,33]. Relative to this previous work, the model used here is unique in connecting evolutionary diversification, variation in the relative influences of dispersal and selection, null models to infer those influences, and biogeochemical function. Previous models have addressed some subset of those features (e.g., connecting evolutionary processes with stochastic and deterministic ecology), but as far as we are aware, previous studies have not integrated all features examined here.



A central purpose of the simulation model was to vary the influences of community assembly processes. Previously developed null models (see below) were used to identify parameter combinations that provided a range of scenarios across which the relative balance among community assembly processes varied. As such, parameter values were selected to generate conceptual outcomes needed to evaluate the relationship between assembly processes and biogeochemical function. Specific parameter values do not, therefore, reflect conditions in any particular ecosystem. Likewise, the model reflects a general timescale across which there are (1) large numbers of birth/death events such that community composition closely tracks environmentally-imposed differences in organismal fitness, and/or (2) opportunities for significant immigration into local communities via dispersal. The model’s spatial scale is also a general representation that depends on the rate at which individual cells can move through space in a given environment. Therefore, the model’s spatial and temporal scales depend on the environment of interest and may be short (e.g., microaggregates in unsaturated soils or communities with fast generation times) or long (e.g., stream biofilms influenced by hydrologic transport across long distances or communities with long generation times). One hundred replicates were run for each parameter combination in the simulation model.



2.1. Regional Species Pool Simulation


First, a regional species was constructed following the protocol outlined in Stegen et al. [15]. Regional species pools were constructed by simulating diversification in which entirely new species arise through mutations in the environmental optima of ancestral organisms. Environmental optima evolve along an arbitrary continuum from 0 to 1, following a Brownian process. Regional species pools reach equilibria according to the constraints described by Stegen et al. [15] and Hurlbert and Stegen [30] and summarized here: (1) we define a maximum number of total individuals in the pool (2 million) such that the population size of a given species declines with an increasing number of species, and (2) the probability of extinction for a given species increases as its population size decreases according to a negative exponential function [population extinction probability ∝ exp(−0.001 × population size)].



The evolution of a regional species pool was initiated from a single ancestor with a randomly chosen environmental optimum (initially comprising all two million individuals in the population). Mutation probability was set as 1.00 × 10−5. A descendant’s environmental optimum deviated from its ancestor by a quantity selected from a Gaussian distribution with mean 0 and standard deviation 0.2. Following mutation, population sizes were reduced evenly such that the total number of individuals remained at two million. The simulation was run for 250 time steps, which was sufficient to reach equilibrium species richness.




2.2. Community Assembly


The model’s second component assembled four local communities from the regional species pool according to scenarios conceptualized to test our hypotheses. In the model, both selection and dispersal are probabilistic. Selection is based on the difference between species environmental optima and local environmental conditions, while dispersal is unrelated to environmental conditions.



Species were drawn from the regional species pool to generate a source community under weak selection and three receiving communities with no dispersal, moderate dispersal, and high dispersal in which organismal niche breadth (n, 0.0075 to 0.175) and environmental conditions (E, 0.05 to 0.95) were allowed to vary across simulations. A simplifying assumption of the model was that all organisms in a simulation had equivalent niche breadth. The purpose of this assumption was to examine tradeoffs between communities comprised of high-functioning, specialist organisms vs. those comprised of lower-functioning, generalist species. Our intent was to simulate communities across a gradient in the degree of specialization (i.e., niche breadth). This allowed for an evaluation of the influence of niche breadth on the relationship between assembly processes and biogeochemical function. All communities had 100 species and 10,000 individuals, drawn probabilistically from the regional species pool. To define species presence/absence in each community, we drew 100 species without replacement from the regional species pool based on selection probabilities described below. In turn, we drew 10,000 individuals with replacement into those 100 species using the same selection probabilities. Selection probabilities (P) of each species from the regional pool were set by a Gaussian function with variance n (reflecting niche breadth) and the deviation (d) of each species environmental optimum from the local environment per the following equation:


   P   =  1    2 n π      e  −    d 2    2 n       



(1)







This equation represents the probability of an individual from a given species surviving in a given environment—and thus the strength of selection for or against it—as directly related to three factors: (1) its own environmental optimum, (2) the simulated environment in which it finds itself, and (3) its niche breadth.



For assembly of the source community, we used one niche breadth (n) for all simulations, which was the maximum value used for receiving communities (0.175). This value represents generalist organisms, which allows for assembly of species representing a broader range of environmental optima than when niches are narrow. The environmental conditions in the source community were also set to a single value using the following procedure: we generated 10 regional species pools and combined species abundances and environmental optima from these pools to generate one aggregate pool representative of the probable distributions of environmental optima yielded by our simulations. We set the environmental optimum of the source community to one end of this spectrum (5th percentile) to allow for comparisons with receiving communities that had the same or larger environmental values. This allowed us to study emergent behavior across a broad range of environmental differences between the source and receiving communities.



For receiving communities, we allowed the environmental conditions and niche breadth to vary across simulations. Environmental conditions ranged from 0.05 to 0.95 by intervals of 0.04736842 to yield 20 conditions. Environmental conditions were static within each simulation. Niche breadth ranged from 0.0075 to 0.175 by 0.008815789 to yield 20 conditions. Receiving communities were assembled under all possible combinations of environmental conditions and niche breadths. Communities for the selection-only case (i.e., no dispersal from the source community) were assembled based only on the selection probabilities as defined by Equation (1), using the same approach as for the assembly of the source community. For moderate and homogenizing dispersal, we modified selection probabilities to incorporate species dispersing from the source community as defined by the following equation:


Pdisp = P + 0.05(SsourceD),



(2)




where Pdisp is the selection probability of a given species accounting for dispersal, Ssource is the abundance of that species in the source community, and D a parameter reflecting dispersal rate. This equation alters the selection probability without dispersal (Equation (1)) with an exponential modifier that enhances the probability of selection for species that are abundant in the source community. Parameter D was set to 1 for moderate dispersal and 2 for homogenizing dispersal. All possible communities were simulated with 100 replicate regional species pools such that all possible combination of parameters were used once with each regional species pool.



Equation (2) simplifies dispersal as a probabilistic function without regard to phylogeny, although we acknowledge that the ability of organisms to disperse is not phylogenetically random in natural settings [17]. In our view of community assembly (and in our simulation model), both selection and dispersal are probabilistic. Selection is based on the difference between species environmental optima and local environmental conditions, while dispersal is unrelated to environmental conditions. In this view, the word ‘deterministic’ indicates that the environment determines the probability of drawing a given species into a local community, even though assembly is still probabilistic. Likewise, the word ‘stochastic’ indicates that the random movement of organisms is the only factor influencing local community assembly. Future studies should build upon this work to examine the influence of phylogenetically-structured dispersal probabilities in affecting biogeochemical function.



Our estimation of biogeochemical function is meant to be illustrative and is not associated with any specific reaction. Given this perspective, we make a simplifying conceptual assumption that individuals well-fit to their environment generate higher rates of biogeochemical function than maladapted individuals. The motivation for this assumption is that individuals that are maladapted to a given environmental condition will have to use a larger portion of available energy to maintain their physiological state than well-adapted organisms. In turn, maladapted organisms can invest less in the production of enzymes needed to carry out biogeochemical reactions, thereby leading to lower biogeochemical rates.



In our model, selection probability of a given species in a given environment (Equation (1)) defines how adapted an individual of that species is to its local environment. This leads to another simplifying assumption: the contribution of an individual to the overall biogeochemical rate (B) is directly proportional to how well adapted it is to the local environment such that the contribution of each individual is a linear function of its selection probability within a given environment. The biogeochemical contribution of each species is therefore found by multiplying its selection probability by its abundance. To find the total biogeochemical rate for each community, we then summed across all species in a community. Biogeochemical function for each community was thus calculated as:


   B =  ∑  i = 1   100    a i   P i    



(3)




where B is the biogeochemical function for a given community and ai and Pi are the abundance and probability of selection for species i, respectively (note there were 100 species within each community). An inherent result of this calculation is that simulations with smaller niche breadth have higher maximum selection probabilities (see Equation (1)), which can lead to higher biogeochemical function, relative to simulations with larger niche breadth. Our formulation therefore assumes higher biogeochemical function for specialist organisms, but only if they are well adapted to their local environment. This assumption reflects a tradeoff between the breadth of environments an individual can persist in and the maximum fitness of an individual in any one environment (discussed in [34]).




2.3. Ecological Inferences Using Null Models


Following the assembly of communities, the relative influences of stochasticity (i.e., dispersal-based) and determinism (i.e., selection) in structuring communities were estimated using a null modeling approach previous described in Stegen et al. [15,31]. We refer the reader to these earlier publications for full details and provide only a summary of the major elements of the null modeling approach here. The composition of each receiving community was compared to an associated source community that was assembled from the same regional species pool. We first estimated pairwise phylogenetic turnover between a given pair of communities. This was done by calculating the abundance-weighted β-mean-nearest-taxon-distance (βMNTD) [35,36]. A null model was then run 999 times. In each iteration of the null model, species names were moved randomly across the tips of the regional pool phylogeny. This breaks phylogenetic relationships among taxa observed in each community. Using the resulting (randomized) phylogenetic relationships, we re-calculated phylogenetic turnover between the pair of communities and refer to this as βMNTDnull. Running the null model 999 times generated a distribution of βMNTDnull values. We then compared the observed βMNTD to the mean of the βMNTDnull distribution and normalized this difference by the standard deviation of the βMNTDnull distribution. The difference between βMNTD and the βMNTDnull distribution was therefore measured in units of standard deviations and is referred to as the β-nearest taxon index (βNTI) [32]. Values of βNTI that are <−2 or >+2 are deemed significant in the sense that observed βMNTD deviated significantly from the βMNTDnull distribution. The βMNTDnull distribution is what’s expected when community assembly is not strongly influenced by deterministic ecological selection. Significant deviation from this distribution therefore indicates that selective pressures are very similar (βNTI < −2) or very different (βNTI > +2) between the two communities being compared. Following the convention of Dini-Andreote et al. [37] we refer to βNTI <−2 as indicating homogeneous selection (i.e., significantly less turnover than expected due to consistent selective pressures) and βNTI > +2 as indicating variable selection (i.e., significantly more turnover than expected due to divergent selective pressures). Inferences from βNTI have previously been shown to be robust [15]. This method has also been used extensively across a broad range of systems (e.g., [2,14,38,39,40]) and is described in detail in previous work [32].




2.4. Statistical Analysis


We analyzed differences in model outputs using standard statistical approaches. We calculated the alpha diversity of each source and receiving community using the Inverse Simpson Index [41,42] in the R package ‘vegan’ [43]. Differences in alpha diversity across communities were evaluated with one-way ANOVA followed by post-hoc Tukey’s HSD tests. We used pairwise Kolmogorov-Smirnov tests to compare distributions of species optima between simulations (distributions were non-normal). To compare biogeochemical function of the three dispersal cases, we used one-way ANOVA followed by post-hoc Tukey’s HSD tests. We also analyzed how biogeochemical function changed as the environmental difference between source and receiving communities increased; this was done using quadratic regressions due to non-linearity in the relationships. We also compared the influence of dispersal on biogeochemical function across different niche breadths. This was done by first finding the ratio of function in selection-only communities to function in associated homogenizing dispersal communities. Ratios were calculated by comparing communities assembled from the same regional species pool and with identical environmental condition and niche breadth. The resulting distributions of ratios were compared across different niche breadths using one-way ANOVA followed by post-hoc Tukey’s HSD tests. To evaluate the relationship between the relative influence of dispersal-based assembly (inferred from the value of βNTI) and biogeochemical function, correlations between βNTI and biogeochemical function were assessed with linear regression. In most studies βNTI values are not independent of each other such that statistical significance requires a permutation-based method such as a Mantel test. Here, each βNTI estimate is independent whereby standard statistical methods that assume independence are appropriate.





3. Results and Discussion


As ecosystem process models become more sophisticated (e.g., [44,45,46]), there is a need to improve these models by better understanding the linkages among community assembly processes and ecosystem function. Here, we used an ecological simulation model to highlight the importance of dispersal-based microbial community assembly for biogeochemical function. Our results suggest that incorporating assembly processes into ecosystem models may improve model predictions of biogeochemical function under future environmental conditions.



3.1. Microbial Community Composition in Response to Dispersal


We found that diversity was highest when both dispersal and selection influenced community structure (Figure 2). In communities assembled with moderate to broad niches, intermediate amounts of dispersal led to the highest diversity (Figure 2A,B). These moderate-dispersal communities were characterized by distributions of environmental optima (across species and individuals) that did not match the source or selection-only distributions, and instead reflect an influence of both dispersal from the source and local selection (Figure 3B,D,F). Both moderate- and homogenizing-dispersal cases exhibited higher diversity than source or selection-only communities (Figure 2A,B). We note that the slight differences in diversity between source and selection-only communities were due to environmental conditions in source communities being defined at one end of the environmental spectrum. This edge-effect truncated its distribution of species environmental optima, causing the distribution to be right skewed (Figure 3A,C,E). Our results suggest a conceptual parallel to Connell’s [47] Intermediate Disturbance Hypothesis, whereby intermediate levels of dispersal lead to the highest overall diversity, but only when niche breadth is broad enough to allow for strong contributions from both dispersal and selection (Figure 2).



With the narrowest niche breadths (Figure 2C), we observed a distinct pattern of diversity relative to broader niche breadths (Figure 2A,B). Diversity in moderate-dispersal cases decreased substantially as niche breadth narrowed, indicating that moderate levels of dispersal can be overwhelmed when local selective pressures are strong. In contrast, homogenizing dispersal cases maintained consistent levels of diversity across niche breadths and displayed distributions of environmental optima that tracked those of the source community (Figure 3). Diversity in selection-only cases was greatest under the narrowest niche breadth. This was due to only very well-adapted species being part of the community, which led to high abundance across all species in those communities (Figure 3F). For selection-only communities, broader niche breadths resulted in more species with low abundances, and thus lower diversity (cf. black lines in Figure 3B,D,F).




3.2. Dispersal, Microbial Community Composition, and Biogeochemical Function


We found that microbial community assembly history altered the degree to which organisms within a community were adapted to their local environment. Given our assumption of the connection between the degree of adaptation and biogeochemical function (see Methods), assembly history was therefore found to have an indirect effect on biogeochemical function. The environmental optima of taxa in selection-only communities more closely matched their simulated environmental conditions compared to communities assembled with dispersal (Figure 3, 1st column, p < 0.001). When niche breadth was broad (Figure 3A), species’ environmental optima were distributed around the simulated environment under all dispersal cases. However, as niche breadth decreased (Figure 3C,E), the species distribution of selection-only cases tightened around the simulated environment, with moderate and homogenizing dispersal cases having a wider distribution than the selection-only case. These disparities were maintained when accounting for species abundances (Figure 3B,D,F), in which selection-only communities had unimodal distributions separate from the source community, while moderate and homogenizing dispersal communities had distributions ranging from unimodal to multi-modal, depending on niche breadth. Dispersal from the source therefore resulted in significant numbers of individuals having large deviations between their environmental optima and the local environmental condition. The large number of maladapted individuals in communities experiencing dispersal from the source resulted in selection-only communities having the highest rates of biogeochemical function, on average, regardless of the simulated environment (Figure 4, p < 0.0001).



In natural systems, microbial community compositional differences can be due to competitive dynamics that select for organisms based on their niche optima [48,49] and to immigration of new taxa from the regional species pool [7,32,50]. Strong local selective pressures can lead to more fit species and enhanced biogeochemistry [7]. Due to the lack of immigrating maladapted species in the selection-only simulations, biogeochemical rates were maintained regardless of the difference between source and receiving community environments. This indicates that biogeochemical function can be enhanced by species adaptation to local conditions. Indeed, a plethora of literature demonstrates that environmental features such as pH [25], nutrients [51], and salinity [26,27] impact microbial community structure and biogeochemical function, and our results indicate that the linkage between community structure and function is due to microbial adaptation to local conditions.



Our results also indicate that when immigrating microorganisms are derived from environments that differ from the receiving community (e.g., dispersal across steep geochemical gradients), biogeochemical function may be suppressed. When we included dispersal from a source community, greater differences between the source and receiving communities led to decreases in biogeochemical function in the receiving communities (Figure 4B, p < 0.0001), and this effect became more pronounced as the rate of dispersal increased. Natural systems are influenced by some combination of dispersal and selection and our results indicate that function is maximized when dispersal is minimized and selection is maximized.



Dispersal had the greatest influence on biogeochemical function when niche breadth was narrow (Figure 5). The biogeochemical function of selection-only communities in comparison to homogenizing-dispersal communities was greatest under the narrowest niche breadth (0.0075) and rapidly decreased when transitioning to broader niche breadths. Selection-only communities simulated with narrow niches are comprised of specialist species that can generate high biogeochemical rates and that are well adapted to their local environment. Increasing niche breadth results in the assembly of species with a broader range of environmental optima and that generate lower biogeochemical rates even if their environmental optimum matches the environmental condition (see Methods for a discussion of this assumed trade-off). Thus, high rates of dispersal combined with narrow niche breadth causes replacement of high-functioning specialist organisms with maladapted taxa, thereby significantly reducing community-level biogeochemical function. When niche breadth is broader, immigrating organisms replace lower-functioning organisms (i.e., generalists), resulting in a smaller decreased in community biogeochemical function. We note that our model does not represent dispersal-competition tradeoffs [19], nor does it explicitly represent organismal interactions; exploring the influence of these features would be an interesting extension of the model presented here.



Regardless of dispersal, simulations with broader niche breadth led to lower rates of biogeochemical function, supporting a tradeoff between communities comprised of specialist vs. generalist species [52,53,54]. Previous work in microbial systems has posited life-history tradeoffs between specialist vs. generalist species, whereby specialists expend more energy to establish their niches but function at higher levels once established [55]. Specialist species have also been found to be more sensitive to changes in the environment due to strong adaptation to their local environment, with generalists being more resilient to change [56,57,58,59]. While we do not address temporal dynamics in our model, the separation of biogeochemical function based on niche breadth indicates a central role for the balance of specialist vs. generalist microorganisms within a community in determining function, regardless of prevailing environmental conditions.




3.3. Impact of Assembly Processes on Biogeochemical Function


We also observed that niche breadth within the receiving community was a key parameter in dictating biogeochemical function when environmental conditions (and thus selective pressures) differed between source and receiving communities. In cases without dispersal, biogeochemical function was dictated entirely by niche breadth regardless of differences in selective environments (as inferred from βNTI) between source and receiving communities (Figure 6A,D). Selective pressures in the selection-only receiving communities were most dissimilar to the source community (βNTI > 2) in simulations with both narrow niche breadth and environmental conditions that were very different from the source community (Figure 6A). This relationship was also apparent (but weaker) in simulations with an intermediate amount of dispersal (Figure 6B). In receiving communities with high rates of dispersal, stochasticity (|βNTI| < 2) was the dominant process regardless of niche breadth or environmental condition in the receiving community (Figure 6C).



Across the full parameter space defined by niche breadth and environmental condition, cases with moderate and homogenizing dispersal were generally characterized by a dominance of stochasticity (Figure 6B,C). This increase in stochasticity relative to selection-only cases corresponded to decreased biogeochemical function. This was particularly true as the environment diverged from the source community (Figure 6D–F). Biogeochemical function in these cases was also negatively correlated to niche breadth (i.e., highest under narrow niche breadths), revealing higher functioning of specialist organisms regardless of assembly processes.



Given these apparent associations between assembly processes and biogeochemical function, we directly examined differences in relationships between βNTI and biogeochemical function across a range of environments and niche breadths (Figure 7). Our results suggest that microbial assembly processes may exert the most influence over biogeochemical function when there is significant variation in the relative contributions of deterministic and stochastic processes among communities. We found the strongest relationships between βNTI and function when environmental conditions were dissimilar to the source community, regardless of niche breadth (Figure 7G–I). βNTI had the greatest range in these scenarios, reflecting substantial variation in the contribution of stochastic and deterministic processes. By contrast, scenarios with environments more similar to the source environment had little variation in assembly processes and no relationship between βNTI and biogeochemical function (Figure 7A–F).



Variation in the balance of stochastic and deterministic assembly processes is prevalent in natural systems [2,7,16,38], as most ecosystems experience spatially and/or temporally variable rates of dispersal. For example, hydrologic connectivity facilitates microbial dispersal and differs with physical matrix structure in soils and sediments. We therefore pose that variation in βNTI may be an effective tool for predicting biogeochemical function when biotic and abiotic conditions lead to a mixture of stochastic and deterministic assembly processes. Natural systems have repeatedly shown such a mixture, and previous field observations have revealed connections between βNTI and biogeochemical function [2,14,60]. These outcomes support our model-based inference that βNTI—as a proxy for assembly processes—offers a practical means to inform models that represent the effects of ecological processes on biogeochemical function.



While our results suggest that maladapted immigrating organisms decrease biogeochemical function, it is important to note that stochasticity may offer buffering capacity that maintains or increases biogeochemical function relative to well-adapted deterministic communities in the context of future environmental perturbations not simulated with the static environmental conditions in our model [56]. Stochastic spatial processes, such as dispersal, may lead to coexistence of species with different environmental optima resulting in a community that can rapidly adapt to changing environment conditions and maintain biogeochemical function in the face of perturbation. Researchers have long demonstrated positive relationships between biodiversity and ecosystem function in both macrobial [61,62] and microbial [63,64,65] systems, and new work has highlighted the role of stochasticity in maintaining this connection [66]. Conversely, a lack of stochasticity may result in species so specialized to a given environment that they are vulnerable to environmental change [56]. While these communities would putatively exhibit high rates of biogeochemical function under stable environmental conditions, their function would plummet in response to perturbation, akin to observations of a tradeoff between function and vulnerability in plant communities [21,67].




3.4. Implications for Ecosystem Models


The cumulative impacts of ecological processes through time and how they relate to ecosystem-level processes is an emerging research frontier in ecosystem science [2,44,52,68,69]. We reveal how dispersal-based community assembly can decrease adaptation to local environments and, in turn, decrease biogeochemical function. Our modelling approach demonstrates plausible outcomes of microbial assembly processes on ecosystem functioning, and integrating this knowledge with factors such as historical abiotic conditions, competitive dynamics, and life-history traits could substantially improve ecosystem model predictions.



Previous work by Hawkes and Keitt [52] laid a theoretical foundation for incorporating time-integrated ecological processes into predictions of biogeochemical function. They demonstrate that community-level microbial functions are the accretion of individual life-histories that determine population growth, composition, and fitness. However, they acknowledge their exclusion of dispersal processes from their models and do not explicitly consider dispersal in their analysis. Hawkes and Keitt [52] therefore provide a baseline for future research and call for a holistic understanding of historical processes on microbial function, with a particular emphasis on the underlying mechanisms generating these trends. Our work enhances this framework by demonstrating that community assembly processes are integral to knowledge of biogeochemical function in natural systems.



Microbially-explicit models (e.g., MIMICS, MEND) are rapidly becoming more sophisticated and are readily amenable to modules that represent ecological assembly processes [70,71]. As models begin to consider microbial ecology, there is a need to decipher linkages among spatiotemporal microbial processes and ecosystem-level biogeochemical function. We propose that new microbially-explicit models should go beyond microbial mechanisms at a given point in time or space, and building upon the foundation laid by Hawkes and Keitt [52], incorporate ecological dynamics that operate across longer time scales to influence biogeochemical function. Although there are many available avenues to merge modelling efforts in microbial ecology and ecosystem science, there is little debate that integrated models will increase the accuracy of predictions in novel future environments.





4. Conclusions


We demonstrate the influence of ecological assembly processes on biogeochemical function. Specifically, we show that dispersal can increase the abundance of maladapted organisms in a community, and in turn, decrease biogeochemical function. This impact is strongest when organismal niche breadth is narrow. We also pose that the explanatory power of microbial assembly processes on biogeochemical function is greatest when there is variation in the contributions of dispersal and selection across a collection of local communities within a broader system of interest. While our work is an encouraging advancement in understanding relationships between ecology and biogeochemistry, a key next step is incorporating assembly processes into emerging model frameworks that explicitly represent microbes and that mechanistically represent biogeochemical reactions.
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Figure 1. We propose a conceptual model in which dispersal-based assembly processes decrease biogeochemical function. Purple organisms in this figure represent all species that are well-adapted to and are thus good competitors in a given environment. Yellow and green organisms represent all species that are less adapted to the environment than purple organisms. While not displayed for simplicity, we conceptualize multiple species within each color. We acknowledge that the environment influences microbial community composition through effects of both abiotic (e.g., resource availability) and biotic (e.g., competition and predator-prey interactions) factors. We use the term ‘selective filter’ to indicate influences of both factors on an organism’s fitness [29]. (A) In a community structured entirely by determinism, selective filtering restricts community composition to species that are well-adapted to prevailing conditions, resulting in enhanced biogeochemical function. (B) In communities with moderate stochasticity (here, moderate rates of dispersal), there is an increase in the abundance of maladapted organisms in the community. In turn, the community is less efficient and exhibits lower biogeochemical function. (C) Under high levels of stochasticity (here, high rates of dispersal), a large portion of community members are maladapted, resulting in the lowest rates of biogeochemical function. 
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Figure 2. Alpha diversity (inverse Simpson Index) of communities assembled under wide ((A) niche breadth = 0.175), moderate ((B) niche breadth = 0.086842105), and narrow ((C) niche breadth = 0.0075), niches in the mid-point environment (0.476315789). Upper and lower hinges of the box plots represent the 75th and 25th percentiles and whiskers represent 1.5 times the 75th and 25th percentiles, respectively. Colors coincide with labels on the x-axis. 
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Figure 3. Kernel density of species optima are shown under wide ((A,B) niche breadth = 0.175), moderate ((C,D) niche breadth = 0.086842105), and narrow ((E,F) niche breadth = 0.0075) niches in the mid-point environment (0.476315789, vertical black line). Column 1 displays distributions of species optima without accounting for abundances. Column 2 displays distributions of individuals’ optima. Distributions for the source community and its environment condition (vertical line) are displayed in gray. The same communities were selected as examples to generate Figure 2 and Figure 3. 
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Figure 4. (A) Biogeochemical function across dispersal cases. Upper and lower hinges of the box plot represent the 75th and 25th percentiles and whiskers represent 1.5 times the 75th and 25th percentiles, respectively. Different letters indicate statistically significant differences in mean values. (B) Biogeochemical function across environmental conditions in receiving communities (vertical axis is the same as in panel A). In the selection-only case (black), biogeochemical function did not vary with environmental condition such that no regression line is drawn. With moderate (blue) and homogenizing (red) dispersal, biogeochemical maxima occurred when the receiving community’s environmental condition aligned with the environmental optima of species in the source community (compare to Figure 3). For these two cases, quadratic regression was used and resulting models are shown as solid lines (statistics provided). 
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Figure 5. The ratio of biogeochemical function in selection-only cases to homogenizing dispersal cases across five niche breadths that span the entire parameter range (0.0075 to 0.175). Each column represents all replicates across all environments for a given niche breadth. Different letters indicate statistically significant differences in mean values. Upper and lower hinges of the box plots represent the 75th and 25th percentiles and whiskers represent 1.5 times the 75th and 25th percentiles, respectively. 
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Figure 6. Interpolated contour plots showing average βNTI (A–C) and biogeochemical function (D–F) for each dispersal case across all parameter combinations. Interpolations are based on parameter combinations at each of 20 evenly spaced values across each axis. Values of βNTI that are further from 0 indicate increasing influences of deterministic assembly (and decreasing stochasticity). (A,D) depict selection-only communities; (B,E) depict moderate dispersal communities; and (C,F) depict homogenizing dispersal communities. 
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Figure 7. Relationship between βNTI and biogeochemical function across different niche breadths (columns) and different environmental conditions of the receiving communities (rows). (A–C), (D–F), and (G–I) depict environmental conditions similar, moderately different, and very dissimilar to that of the source community, respectively. (A,D,G), (B,E,H), and (C,F,I) respectively show narrow, moderate, and wide niche breadths. Values of βNTI that are further from 0 indicate increasing influences of deterministic assembly (and decreasing stochasticity). Horizontal gray lines indicate significance thresholds of −2 and +2. Relationships were evaluated with linear regression; fitted models are shown as black lines and statistics are provided on each panel. Panels without regression models had non-significant (p > 0.05) relationships. Note that the vertical axis is scaled the same across panels, but the horizontal axis is not. Black, blue, and red symbols indicate selection-only, moderate dispersal, and homogenizing dispersal scenarios, respectively. 






Figure 7. Relationship between βNTI and biogeochemical function across different niche breadths (columns) and different environmental conditions of the receiving communities (rows). (A–C), (D–F), and (G–I) depict environmental conditions similar, moderately different, and very dissimilar to that of the source community, respectively. (A,D,G), (B,E,H), and (C,F,I) respectively show narrow, moderate, and wide niche breadths. Values of βNTI that are further from 0 indicate increasing influences of deterministic assembly (and decreasing stochasticity). Horizontal gray lines indicate significance thresholds of −2 and +2. Relationships were evaluated with linear regression; fitted models are shown as black lines and statistics are provided on each panel. Panels without regression models had non-significant (p > 0.05) relationships. Note that the vertical axis is scaled the same across panels, but the horizontal axis is not. Black, blue, and red symbols indicate selection-only, moderate dispersal, and homogenizing dispersal scenarios, respectively.



[image: Processes 05 00065 g007]








© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
>

0097

BNTI

Environmental Conditon.

oa
o

Environmental Condition

Niche Breadth =0017

Niche Breadth =075

Niche Breacth =0.166

0

0 15000 2000 25000

L

£ 3

k

o903
BNT!
2P s o

Environmenta Conditon-
o

0300 15000 20000 25000

10d0 i 2000

W0 040 860 %00

RT=081 P20000T oy

=057, <0000

=038, P< 00007






media/file4.png
<

|esiadsiq
[ BuiziusbowoH
lesJadsi
[ a)1eJopON

— Ajuo-uonosjeg

— 80JN0S

|esJadsiq
" BuiziusbowoH
|lesiadsi
[ 8)eJOpON

— Ajuo-uonosjeg

- 80JN0S

©

|esladsi
[ BuiziuebowoH
|esiadsi(q
[ a)eiapo

— Ajuo-uonos|es

- 90IN0S

| |
8LO'} VIO L
Xopu| uosdwis 9sIaAU|

_
010’}





nav.xhtml


  processes-05-00065


  
    		
      processes-05-00065
    


  




  





media/file2.png





media/file5.jpg
Density

Density

—
B
=

V.

«

°

0002040608 1.0
Environmental Optimum

0002040608 1.0
Environmental Optimum





media/file3.jpg
jesiodsig
F..E\_ I BuziueBouwo
esiodsiq
bt ersepon

| awouossies

-soinog.

[esiadsiq
[ BurzeBowon
fesiadsia
[ a1e1epoy

- Auo-uonosies.

I-soinog.

F- Tl [esiedsiq
5 BuiziuabowoH

jesiedsiq
JE‘ = # " ayesepon

|- Aiuo-uonosies.

-eainog

QL | vt | 010k
< epul uosduis asionu)





media/file1.jpg





media/file7.jpg
>

Biogeochemical Function

10000 20,000 30000 40000

[

H [+

[Moderate: /= 0407 < 00001
Momogenizing: R 073 7 < 00001

i
i

Selection-only

Moderate
Dispersal

Homogenizing
Dispersal

02

04 06 08
Environmental Condition





media/file10.png
S 1% e ¢ :

uoIouN4 [eolwayos0sboig
|lesiadsiq buiziusbowoH:Ajuo—uoinos|es

0.087 0.13 0.175
Niche Breadth

0.043

0.0075





media/file12.png
Niche Breadth

Niche Breadth

2 I

2.5

j'ﬂ
o &
0 /

0.15 0 0 ﬁ
» : &
s [\1 A A
I | I | [ [ I I | I | I
0.2 04 06 0.8 0.2 0.4 06 0.8 0.2 04 06 08
D E F
= N \/ si0geochemica
Function
— - R
30,000
_.--"’/
U.DE‘HR“ -
20,000
10,000
0.1-\1/

0.157

I i i ] [ I | ] | ] | i
0.2 04 0.6 0.8 0.2 0.4 0.6 0.8 0.2 04 06 0.8
Environmental Condition





media/file9.jpg
:Homogenizing Dispersal

Selection-onl!

Biogeochemical Function

5
I

4
h

3
I

b—8—
=—
< C—_ d
_— — e
T T T T T
0.0075 0.043 0.087 0.13 0.175

Niche Breadth






media/file0.png





media/file14.png
Environmental Condition = 0.097

Environmental Condition =0.429

Environmental Condition =0.903

Niche Breadth =0.017

BNTI

I
10,000

D

I I I
15,000 20,000 25,000

o
—

o

10

BNTI
4

2
!

I
10,000

Niche Breadth = 0.078

| | | | |
9500 10,500 11,500

1R*=0.57, P <0.0001

I I I
2000 6000 10,000

Biogeochemical Function

10

Niche Breadth =0.166

7600 8000 8400 8800

I I I I
8200 8400 8600 8800

1R*=0.38, P < 0.0001

I
3000 4000 5000 6000 7000 8000





media/file8.png
Biogeochemical Function

10,000 20,000 30,000 40,000

0

P < 0.0001

DO

O (I

(T

' e L0 L0 LR ) D
TR W) ) [ (X

MDD @ CUNEED

| 1)

D @ O CONEEND
RO
D Y GO0 ()
R 110K

= [ ) O
- St
. —- -
= - ~ e
B - - [ =]
- - =
() = » = =
=
-
- - -
. .
»

Moderate: R*=0.40 P < 0. OOO1 S
Homogemzmg R*= O /3 P<O0. OOO1

I
= Q
? :
S S
= S
D

((b)
P

Dispersal

Homogenizing
Dispersal

0.2 0.4 0.6 0.8
Environmental Condition






media/file11.jpg
02 04 05 08 02 04 06 08 02 04 06 08

mmmmmmm
=
o
| .
i ="
g o \/ -
]
g

02 04 06 08 02 04 05 08 02 04 06 08
Environmental Condition





media/file6.png
Density

Density

Density

o

4

-

0.0 0.2 0.4 O

6 0.8 1.0

Environmental Optimum

B Selection-only

o0 - B Moderate Dispersal
B Homogenizing Dispersal
O Source

© -

<t -

N /\>4 ‘ /\

L *QVV\\&QER_;

[

0.0 0.2 0.4 0.6 0.8 1.0
Environmental Optimum





