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Abstract

Determining the drivers underlying ecological succession is a fundamental goal of ecological
research and essential for predicting ecosystem functioning in response to human-induced
environmental changes. Although various studies have examined the impacts of nitrogen (N)
addition on plant and microbial community diversity, structure and activities, it remains
unknown how long-term anthropogenic fertilization affects the ecological succession of
microbial functional guilds and its underlying community assembly mechanisms. Here, using
archived soils, we examined more than a century’s succession in soil microbial functional
communities (from 1870 to 2008) from the Park Grass Experiment at Rothamsted
Experimental Station, the longest running ecological experiment in the world. Long-term
fertilization was found to significantly alter soil functional community structure and led to
increasingly convergent succession of soil microbial communities. Meta-analysis indicated
that microbial temporal turnover (w) was highly time scale-dependent, and the w value
threshold was estimated as 0.0025 with a threshold time point of approximately 160 years. In
addition, the importance of stochastic assembly varied greatly in regulating the succession of
different microbial guilds. Fertilization had large to medium effects on reducing ecological
stochasticity for microbial guilds involved in carbon (C) fixation and degradation, N fixation
and mineralization, and denitrification. This century long-term study elucidated the differing
influences of assembly mechanisms on soil microbial functional communities involved in C

and N cycling, which could not be derived from taxonomic or phylogenetic approaches.
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Introduction

Ecological succession, the change in community composition and structure over time, is
arguably the oldest and most intensively studied concept in animal and plant ecology?.
Determining temporal succession and its underlying mechanisms are fundamental objectives
of ecological research and critical for predicting ecosystem functioning in response to
anthropogenic activities. Although microbial communities constitute a large portion of the
Earth’s biosphere and are important in maintaining various biogeochemical processes that
mediate ecosystem functions, the temporal succession and assembly mechanisms of microbial
communities are poorly understood. Recently, using high-throughput metagenomic
technologies, various temporal dynamic patterns were reported in microbial communities from
various habitats, such as species-time relationship (STR)>’ and time decay relationship
(TDR)®L 1t is generally considered that the temporal turnover of microbial communities is
lower than that of larger organisms due to the unique biology of microorganisms, including
their massive population sizes, high dispersal rates, rapid asexual reproduction, and resistance
to extinction'®. However, the mechanisms driving such temporal successional patterns remain
controversial. For instance, under resource-rich and low-stress environments, microbial
succession was found to be governed primarily by stochastic processes (e.g., dispersal and
drift)>14, In contrast, under environments with selective pressures, microbial succession was
reported to be controlled by deterministic abiotic filtering, including temperature!>!6, pH*2,

resource type”’, nutrient availability!®!°, and/or biotic interactions?®:2L,

A grand challenge in contemporary microbial ecology studies is to link the functional
succession of microbial communities to environmental change'®?2. Most studies are based on
taxonomic and/or phylogenetic diversity but not on functional diversity. It is believed that
functional traits could have more critical impacts on community assembly?3, and the assembly
mechanisms can vary significantly among different microbial functional groups®*. However,
microbial succession has rarely been studied based on functional trait compositions'4?®,
particularly in response to human-induced environmental changes, such as N addition.
Through intensive agriculture, humans have greatly accelerated global N deposition over past

centuries?®?’. Increasing N addition through the application of fertilizers or atmospheric
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deposition greatly enhances global plant productivity but also dramatically impacts the above-
and below-ground biodiversity in terrestrial ecosystems?’-°, Excessive N input has multiple
effects on soil microbial community composition, diversity, activity and function®%-,
Long-term fertilization is expected to have dramatic and persistent impacts on soil
characteristics and microbial community structure2-2, For instance, an altered soil C content,
C:N ratio, and pH were found to be major factors contributing to variations in microbial
communities under fertilization®®-%, suggesting the importance of deterministic processes (e.g.
abiotic filtering effects of environmental selection). In contrast, examining both deterministic
and stochastic changes revealed that the effect of N fertilizer was largely exhibited through
stochastic processes rather than deterministic ones®¥4°, indicating that complicated assembly
mechanisms underlie fertilization effects. A meta-analysis based on 107 datasets from 64
long-term experiments (ranging from 5 to 130 years in length, average 37 years) worldwide
revealed that mineral fertilizer application led to a 15% increase in microbial biomass relative
to unfertilized soils®. However, it remains unknown how long-term anthropogenic fertilization
affects the ecological succession of microbial functional guilds and its underlying mechanisms,
which is critical for predicting the consequences of increasing anthropogenically derived N

addition on terrestrial ecosystems.

The Park Grass Experiment (PGE) on permanent grassland at the Rothamsted Experimental
Station, United Kingdom, is the oldest grassland experiment in the world*!. Since 1856, when
the experiment was initiated, plots have received different combinations and amounts of
inorganic N, P, and K fertilizers and lime, while the “Nil” control plots have never received
fertilizer. Thus, changes in soil geochemical characteristics and soil biota indicate long-term
responses to anthropogenic fertilization®*3, Archived soil samples from the PGE provide a
unique opportunity to address the long-term succession and the underlying assembly
mechanisms of soil microbial communities, as influenced by fertilization. In this study, we
examined archived soil samples from 1870 to 2008 from contrasting plots with inorganic
fertilization and the corresponding “Nil” samples as controls. Soil microbial communities were
analyzed using a GeoChip-based metagenomic technology***> to answer the following

questions: (i) What are the succession patterns of soil microbial communities over a century of
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99 fertilization, (ii) how does the successional rate of microbial communities change with time,
100  and (iii) how is the century long succession of soil microbial communities controlled by
101  deterministic and stochastic processes? Our results indicate that intensive N addition greatly
102  decreases microbial temporal turnover accompanied by a decrease of stochastic community

103  assembly.

104  Results

105  Overall pattern of microbial functional communities. An average of 25,842 and 29,541
106  functional genes were detected in the control and fertilized soils, respectively (Fig. S1). The
107  number of genes overlapping between pairwise samples significantly decreased with time in
108  both control (p = 0.048) and fertilized soils (p < 0.0001). The proportion of overlapped genes
109  under fertilization was much higher than that in the control. Accordingly, the number of unique
110  genes in the fertilized samples was relatively low. Detrended correspondence analysis (DCA)
111 was performed to visualize the overall patterns of microbial functional communities (Fig. 1a).
112 The control and fertilized samples were clearly separated, indicating dissimilar microbial
113 functional communities between control and long-term inorganic fertilized plots. The
114 microbial communities from fertilized soils were more tightly clustered than those from
115  control soil. Additionally, the dispersion of samples around the group centroid*® was
116  quantified. Long-term fertilization led to microbial community convergence (p < 0.01) (Fig.
117  1b). Moreover, three complementary nonparametric multivariate statistical tests (Adonis,
118 ANOSIM and MRPP) further revealed that the overall microbial functional structures were
119  significantly different (p < 0.01) between the fertilized and control plots over the century
120  (Table 1). These results indicated that long-term inorganic fertilization significantly altered the

121  functional composition and structure of soil microbial communities.

122  Microbial temporal turnover under long-term fertilization. Microbial community
123 succession patterns were estimated by linear regression between double log-transformed
124 community similarity (1 — Bray-Curtis distance) and time intervals (Fig. 2a). As expected,
125  significant TDRs were observed for both control (slope = 0.028, p = 0.005) and fertilized soils
126  (slope = 0.018, p = 0.001). Long-term fertilization significantly decreased microbial temporal

127  turnover rates as determined by a pairwise t-test based on bootstrapping (p < 0.0001), which
5
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128 indicated greater community similarity in fertilized soils than in control soil. The effect of
129  DNA degradation with storage time was normalized by applying the same molar quantity of
130 DNA to each GeoChip array*’, regardless of extraction yield. Whether or not DNA recovery

131  was considered, temporal turnover decreased under long-term fertilization (Fig. S2).

132 The slopes of the TDRs for various functional (C, N, P and S cycling) and phylogenetic
133  (archaea, fungi and bacteria) groups were estimated to obtain additional insights into the
134  temporal changes of different functional and phylogenetic groups in response to fertilization
135  (Fig. 2b). Significant TDRs were found for most functional groups in both control and
136  fertilized soils, with nitrification groups being an exception. Additionally, functional genes
137 involved in ammonification and phosphorus cycling in control soils did not show significant
138 TDRs. Denitrification groups exhibited the greatest difference of turnover rate between
139  fertilized and control samples. Significant TDRs were observed for archaea, fungi and bacteria
140  in both control and fertilized soil samples (p < 0.05). In addition, long-term fertilization
141  decreased temporal turnover for all phylogenetic groups (Table S1). The greatest differences

142 were found in fungi (p < 0.0001), followed by gram-positive bacteria.

143 Time-scale dependence of microbial successional rates. A meta-analysis was conducted to
144  further understand the long-term microbial succession pattern over time periods (Fig. 3, Table
145  S2). Microbial temporal turnovers varied considerably, ranging from 0.001 to 0.31, in different
146  habitats and across different time scales (days to more than a century). A conceptual model
147  with a corresponding mathematical description (rational function) was proposed (Fig. 3a),
148  which is hypothesized to have three phases: In Phase I, w increases with time scale (probably
149  from minutes to days or weeks); In Phase Il, w becomes more or less constant at time scale
150 probably from weeks to years; In Phase Ill, w decreases as the time scale becomes very large,
151  and hence a long tail phase where w consistently decreases along time (details in the Methods).
152  All the published TDR slopes and those from our study were tested as a function of their time
153  scales, and the rational function model showed a better fit than other models (Fig. 3b, Table
154 S3). This result supported the above conceptual model of the time-scale dependence of
155  microbial succession rates. Since w will decrease and be less and less detectable in the last

156  phase, an interesting question is how long is long enough for time-decay study. This time scale

6
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157  threshold can be defined as the tipping (or threshold) point after which w cannot be
158  differentiable from a random pattern. The minimum nonrandom w value (w) is estimated as

159  0.0025 and the estimated tipping point is approximately160 years.

160  Ecological stochasticity under long-term fertilization. Null model-based quantification of
161  ecological stochasticity was conducted to test the hypothesis that long-term inorganic
162 fertilization alters the relative importance of stochastic and deterministic processes in driving
163  community succession (Fig. 4). Community assembly was relatively more stochastic in the
164  control plot than in the fertilized plots, with a mean stochasticity ratio (ST) of 0.59 (73% ST >
165 0.5) and 0.49 (42% ST > 0.5), respectively (paired Wilcoxon test p < 0.0001). The temporal
166  succession changed from relatively deterministic (3-year ST=0.35~0.45 for control and
167  fertilization) to more stochastic (138-year ST = 0.82 for control and 0.68 for fertilization),
168  suggesting that stochastic processes became increasingly important with increasing lengths of
169  community succession. Moreover, fertilization significantly slowed down the increase rate of
170  stochastic processes, resulting in an ST-time slope of nearly half that of the control (slope =

171 0.132 for control and 0.070 for fertilization, bootstrapping test P < 0.0001).

172 We further compared the effects of fertilization on the ecological stochasticity of different soil
173 functional guilds involved in C and N cycling. As shown in the conceptual diagram (Fig. 5,
174  Table S4), nutrient amendment directly increased soil N availability and indirectly increased
175  soil labile and recalcitrant C pools by enhancing aboveground biomass. Simultaneously,
176  century-long fertilization showed medium- to large-effect-size (Cohen’s d = -0.603~ -1.459)
177  decreases in ecological stochasticity in the succession of functional guilds involved in C
178  fixation and degradation; N mineralization, fixation and reduction; and denitrification, coupled
179  with significantly (p < 0.0001) decreased TDR slopes. Only hao genes were detected from the
180 nitrification group, and the direct addition of sodium nitrate as fertilizer only slightly (Cohen’s
181 d = -0.398) decreased the stochasticity of succession in this group, corresponding to a

182  nonsignificant change in the TDR slope.

183  Discussion


https://doi.org/10.1101/638908

bioRxiv preprint doi: https://doi.org/10.1101/638908; this version posted May 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

184  Assembly mechanisms shaping community structure have recently been of a great interest*->1,
185  but the drivers controlling ecological succession in response to environmental perturbations,
186  especially on long-term time scales are poorly understood®>°3, Some stochastic processes, such
187  as dispersal, are likely to be particularly relevant to understanding the temporal variations in
188  B-diversity and succession over a long period of time>*°. Here, our null model indicated that
189  the succession of microbial functional structure was increasingly driven by stochastic
190  processes as time proceeded. This result is in accordance with the increasing importance of
191  stochastic succession previously observed in taxonomic/phylogenetic turnovers of microbial
192  communities in resource-rich or low-stress environments*?*4, This pattern of increasing
193  stochasticity might be due to the cumulative effects of neutral dispersal and random drift over
194  time and/or decrease in cumulative deterministic linkages under unidirectional selection across
195 a long time scale®®. Furthermore, we found that fertilization reduced the stochasticity of
196  functional structure turnover across the century, corresponding to previous findings that high
197  determinism drove phylogenetic turnovers under selective pressures®>7. Similarly, we
198 recently reported that a 6-year warming significantly decreased the stochasticity of
199  phylogenetic succession in grassland bacterial communities®. These results together suggest
200 that human activities and consequent climate change could impose relatively directional
201  selective pressure(s) and thus change long-term turnover of community composition and

202  functioning towards a more deterministic direction.

203  Our results further indicated that variations in TDRs of different microbial functional groups
204  were strongly associated with a reduction in stochastic assembly. Inorganic fertilization may
205  exert different selective effects on the regional species pool and specific species®” through
206  changes in soil C and N stoichiometric characteristics®. Varied niche selection could decrease
207  the importance of stochastic factors in affecting microbial functional community succession to
208  different extents. As in this study, nitrate fertilization increased the concentration of a specific
209  substrate for denitrifiers and stimulated plant growth and thus increased specific C and organic
210 N plant inputs (Fig. S3). Hence, large effects derived from the decrease in stochastic assembly
211  were observed for functional groups involved in C degradation and fixation, N fixation, and

212  denitrification. Correspondingly, of the genes involved in N cycling, nitrification genes were
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213  the least impacted by the changing importance of deterministic factors. This behavior may be
214  because the nitrifiers are less abundant and more specialized than other taxa involved in N
215 cycling. There are relatively few ammonia oxidizing bacteria (and archaea) and nitrite
216  oxidizers, and they are probably less resilient, so only those adapted to the PGE plot conditions
217  can survive, resulting in limited potential for stochastic or deterministic divergence. Second,
218  fertilization could also indirectly enhance the selection of host-associated microbial
219  communities through changing plant diversity and biomass®®. Considerable species loss
220  following N enrichment is observed across terrestrial herbaceous ecosystems®. Plant species
221  diversity significantly decreased with long-term fertilization in the PGE®, which may result in
222 a more specialized habitat and is another important selection process®?3, This trend could
223  explain why fertilization showed large to medium effects on the guilds related to plant C and

224 organic N transformation and root-associated N fixation.

225  In addition, despite this is the first study to understand the microbial succession and assembly
226  mechanism across more than a century long time, there are some limitations. First, due to
227  historical issues, replicate plots are not available for our study from this unique experiment site.
228  The fertilization is most likely the major reason of the significant difference between the two
229  plots, since the adjacent plots are highly similar in other environmental properties and the
230 significant trends were observed from multiple-time observations across a century.
231  Nevertheless, without replicate plots, it is difficult to parse out contribution of other factors
232  (e.g. soil heterogeneity) to the between-plot difference. Second, since very limited amount of
233  soil samples can be obtained across such long time, the lack of complete edaphic properties
234 constrains us to tease apart how stochasticity may manifest via dispersal or via environmental
235 filtering. Another issue is that the impact of using archived soil on genomic analysis. The
236  impact of archiving on microbial community DNA includes not only degradation in DNA
237  quantity over time, but also rapid and long-term changes in microbial community composition
238  during air-drying and storage. In this case, the DNA that remains in the air-dried soil definitely
239  could not fully represent what are in the original soil. Indeed, we could not assess the
240  magnitude of the storage-induced biases or how these biases may affect the temporal changes

241  of biodiversity. Since archived soil is the only option here, thus we mainly focus on the

9
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242  comparison of the relative changes between treatment and control. We believe that the
243  findings of this study are robust because biases from above reasons can be amended by

244 relative changes comparison*®48,

245  Conclusions

246  Our study demonstrates that intensive N applications resulted in decelerating the temporal
247  turnover of soil functional communities, underpinning the differing influences of assembly
248  mechanisms on century long microbial succession. The importance of stochastic assembly
249  differed for soil functional guilds (C, N, P and S) with century long fertilization. These findings
250  have important implications for predicting the ecological consequences of anthropogenically
251 derived N addition at the century scale. The deterministic factors influencing community
252  assembly in fertilized soils may reflect a community with low functional redundancy and hence
253  possibly high susceptibility to disturbances. Terrestrial microbial communities would be much
254  more convergent with increasing N load. Because N addition reduced stochasticity over time,
255  the communities could converge more quickly to a community state with less stochasticity.
256  This effect should be considered when predicting and protecting ecosystem services of soil
257  microbial communities and informing sustainable agricultural practices. In addition, our study
258  demonstrates the value of archived soils for microbial ecology studies employing metagenomic
259  techniques®. The availability of archived soil samples makes it possible to track long-term
260  (over a century) impacts of fertilization on grassland ecosystems and to better understand the
261  succession of microbial communities in response to long-term anthropogenic activities across
262  more than a century. It should be noted that our estimation of ecological stochasticity was
263  based on null model analysis and thus cannot avoid interference from randomness due to some
264  deterministic processes (e.g., environmental stochasticity), statistical uncertainties, and
265 inherently high variation in molecular methods®®®. Thus, the values should be viewed as
266  statistically approximate and are better used for relative comparison*®. However, the long-term
267  average trends, particularly the comparison of average trends between the contrasting

268  treatments, are informative and provide novel and important insights.
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428  Methods

429  Study sites and sample collection. To understand the impacts of long-term inorganic
430  fertilization on soil microbial functional community structure and succession, archived soil
431  samples were taken from Plot 3 and Plot 14/2 of Park Grass, dating back to 1870, 1876, 1906,
432 1923, 1959, 1976, 1984, 1991, 1998, 2002, 2005 and 2008 for plot 3 and 1870, 1876, 1906,
433 1923, 1939, 1959, 1984, 1991, 1998, 2002, 2005 and 2008 for plot 14/2. Plot 3 had not
434  received fertilizer since 1856 (control). Plot 14/2 was fertilized with 96 kg N ha* y* as sodium
435 nitrate in spring since 1856 with additional minerals (35 kg P ha™ y* as triple superphosphate,
436  225kg K hat y!as potassium sulfate, 15 kg Na ha* y* as sodium sulfate, and 10 kg Mg hat y*!
437  as magnesium sulfate, and no lime was applied). In total, there are 24 archived soil samples,
438 namely, 12 control samples and 12 fertilized samples. Soils were sampled from 0-10 cm in
439  depth, air-dried and archived in glass bottles. The soil pH was approximately 5 to 6 in both
440  plots, measured in water. Soil C and N were measured by a LECO analyzer, and soils were
441  extracted for Olsen P measurements by colorimetry. The mean annual yields of dry matter were
442  29thatand 6.7 t ha for Plot 3 and Plot 14/2, respectively. Detailed information on the PGE

443  can be found at http://www.rothamsted.ac.uk.

444 DNA extraction and GeoChip hybridization. The archived soil samples were preserved by
445  air-drying, and some were stored for more than 150 years. A previous study from the
446  Rothamsted Broadbalk experiment suggested that air-drying of the soil may have preserved
447  DNA in samples stored more than 150 years through desiccation®”. Genomic DNA was
448  extracted from archived soil samples®®. Despite air-drying and long-term storage, high-quality
449  DNA was recovered from the soils archived for more than 150 years (260/280 and 260/230 >
450 1.8). Direct labeling with Cy-3 using random primers and the Klenow fragment of DNA
451  polymerase I was applied to 1 pg of metagenomic DNA*'. Labeled DNA was then dried in a
452  SpeedVac (45 °C, 45 min; ThermoSavant). GeoChip 4.0 was used to dissect the microbial
453  community functional structure. Hybridization, imaging, and data preprocessing were

454  performed as previously described*.

455  Time-decay relationships and time-scale dependence of turnover. Time decay

456  relationships (TDRs) were calculated as follows: logio(Ss) = constant - w logio(T), where Ss is
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457  the pairwise similarity in community composition (1-Bray-Curtis distance), T is the time
458 interval, and w is a measure of the rate of species turnover with time (temporal turnover).
459  Comparisons of w values between control and fertilized samples and p values were achieved by

460  bootstrapping (999 times), followed by a pairwise t-test.

461 A conceptual model with a corresponding mathematical description (rational function) was
462  proposed in this study (Fig. 3a). In the early phase, the time difference is too short (e.g., within
463  several seconds) for the community to show obvious change, especially when a diverse
464  microbial community can be resistant to change, i.e., when time interval is close to zero, the
465 TDR slope w is close to zero. Then, on a short time scale (probably from minutes to days or
466  weeks), community changes become detectable; thus, the w should increase from zero to a
467  certain level. In the rational function model, since Ts<<bi<<b; or Ts<<b in this phase, w should
468 increase as a linear function or a Michaelis-Menten-Equation-akin function of time scale
469  (Phase I). In the stable phase, w becomes relatively stable probably over periods from weeks to
470  years. In the rational function model, since b1<<Ts<<b,, w becomes a constant and remains
471  stable in this stable phase (Phase II). There is no reason that community similarity will keep
472  decreasing at the same rate forever. The slope w should decrease as the time scale becomes
473  very large. Thus, a tail phase where w consistently decreases along time and gradually becomes
474  close to zero is proposed. In the rational function model, since Ts>>b; or Ts>>b>>>b; in this
475  phase, w decreases as a reciprocal function of time scale in this tail phase (Phase I1). The early
476  phase (Phase 1) is proposed based on reasonable inference, but current studies have not yet
477  covered these effects on such a short time scale. The stable phase (Phase Il) has been
478  demonstrated by a previous meta-analysis showing that temporal variability in both within-
479  and between-community diversity was consistent among microbial communities from similar
480  environments®. The tail phase (Phase I11) can be tested with only long-term datasets, which is

481  now enabled by our century-scale study.

482  The temporal turnover rates (TDR slope w values) were collected from previously published
483  microbial studies (Table S2), where the time scale ranged from days to years. From our
484  century-long study, temporal turnover rates were calculated using sub-dataset across decades

485  in addition to the overall temporal turnover rate across 138 years. All these w values and their
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486  corresponding time scale (Ts) were used to fit a rational function model (Eg. 1 in Fig. 3a)
487  corresponding to the conceptual model for scale dependence of temporal turnover proposed in
488  this study. The model fitting was compared with fitting using six other models, including
489  logarithmic, power law, reciprocal, quadratic, cubic, and linear models (Table S3). Linear and
490  other nonlinear models were implemented by using the functions “Im” and “nls” in the R
491  package “stats”. Since coefficient of determination (R?) can be inadequate for nonlinear
492  models®, model fitting was compared by standard error of the estimate (SEE)’°, accuracy (ya)
493  and precision (p) coefficients derived from concordance correlation coefficient’, in addition to
494  R? The significance of each model was calculated using a permutational test in which the
495  time-scale values were permutated 2000 times, and the observed SEE was compared with those

496  of permutated data to calculate the p value.

497  The time-scale threshold, after which temporal turnover cannot be differentiable from random
498  patterns, was calculated as the time scale for a minimum nonrandom w value according to the
499 rational function model (Eq.1 in Fig. 3a). The minimum nonrandom w value is calculated as the
500 95% quantile of w values from null communities randomized using the null model described
501 below. Considering the uncertainty of coefficient values (k, b1, b2), w-vs-Ts data points were
502 randomly drawn (bootstrapping) 1000 times to calculate the coefficients of the rational
503  function model. Then, 1000 estimated time-scale threshold values were calculated to obtain the
504  95% quantile as a conservative estimation of the threshold, after which the w could cease to be

505 meaningful (p <0.05).

506  Estimating stochasticity of community assembly. Null models are an essential tool for
507  assessing the issue of multiple assembly processes by mimicking the consequences of random

508  processes’>3. In a previous study!*, we assessed the relative importance of stochastic
509  processes with the ST, i.e., the ratio of mean expected similarity in the null model (E—U) to
510  observed similarity (C;;), when deterministic factors generally drove community structure to
511  be more similar than the null expectation (C;; = E,,). In the present study, ST is calculated with

512  some modifications as below to be more general®.
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E, Dy | _

513 STU = C—”sz lf Cij > El}
l

G, C _

514 ST;; ZD_Z- E=” if C;j <E,
9]

515 where Cjj is the observed similarity between samples i and j, Dj; is the dissimilarity, and
516  Dj=1-Cj. Ejj is an expected similarity between null samples i and j, while Gjj is an expected
517  dissimilarity in the null model. Thus, STij ranges from 0 to 1, where the minimum value is zero
518  when extremely deterministic assembly drives communities completely the same or totally

519 different (Cjj = 0 or Djj= 0), and the maximum value is one when completely stochastic
520  assembly makes communities the same as null expectation (C;; =E_U and Dy; =G_U).

521  Considering that relative abundances carry information useful for understanding ecological
522  processes’™, the similarity/dissimilarity was measured by the abundance-weighted
523  Bray-Curtis index. The null communities are generated by randomizing the observed
524  community structure 1,000 times based on a null model algorithm described previously™.
525  Since we focus on mechanisms underlying temporal succession rather than spatial turnover, the
526  null hypothesis is stochastic succession over time, i.e., the detection or non detection of an
527 individual of a certain species at a time point is due to stochastic processes (e.g., neutral
528  dispersal from a metacommunity, stochastic birth/death, and random diversification) without
529  any determinism (e.g., environmental filtering, competition, mutualism, and evolution under
530 natural selection). Accordingly, all samples from the same plot at different time points are
531  assumed to be from the same species pool across time in our null model algorithm. During
532  randomization, the richness (observed gene numbers) and total gene abundance in each sample
533 are fixed as observed, while the occurrence probability of each gene is proportional to its
534  observed occurrence frequency, and the abundance of each gene is based on random draws of

535 individuals with probability proportional to its relative abundance in the regional species pool.
536  Then, E,, is calculated as the average null expected similarity between samples i and j and G_U

537  as the average null expected dissimilarity. STij was calculated between every two time points
538  for each plot. Then, the differences in STi;j values between the control and fertilized plots were

539 tested with a paired t-test. The relationship between the pairwise STj; and the time interval in
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540 each plot was fit to a linear model, and the significance of each model and the slope difference
541  between control and fertilized plots were tested in the same way as described for the

542  time-decay model.

543  Furthermore, STij was also separately calculated for each of the major C and N cycling
544  functional gene groups, considering that ecological stochasticity and its response to
545  fertilization could be different in different guilds. Subcommunities were extracted for each
546  gene group, including the nitrification group, the denitrification group, the labile C degradation
547  group, etc. Then, the STj; of each gene group was calculated using the same method described
548  above. To evaluate the effect of fertilization on ecological stochasticity, Cohen’s d (paired per
549  time point)’® was calculated between the STj; values in the control and fertilized plots for each
550  gene group. The standardized effects are large, medium, small or negligible when | d | > 0.8,
551 0.5<|d|<08,02<|d|<05,or |d|<0.2, respectively, and d values can be positive or
552  negative to reflect increases or decreases in the standardized effect size of fertilization on the

553  stochasticity ratio.

554  Other statistical analyses. Detrended correspondence analysis (DCA) were used to determine
555  the overall pattern of microbial functional communities. The microbial temporal patterns under
556  fertilized and control plots were also determined by non-metric multidimensional scaling
557  ordination based on the Bray—Curtis dissimilarity. Three different non-parametric multivariate
558  statistical tests (analysis of similarity (ANOSIM), nonparametric multivariate analysis of
559  variance (Adonis), and multi-response permutation procedure (MRPP)) were used to test the
560 differences in soil microbial communities under fertilization and control treatments. The
561 ANOSIM statistic R is based on the difference of mean ranks between groups and within
562  groups and is calculated as follows:

r,—r,

w

563 Rzl—
4 [n(n-1)

564  where ry is the mean rank of between-group dissimilarities, rw is the mean rank of within-group
565  dissimilarities, and n is the total number. According to the ranks of the dissimilarities, statistic

566 R ranges from —1 to +1. Ecological communities rarely achieve an R value <0. Thus, R = 0

19


https://doi.org/10.1101/638908

bioRxiv preprint doi: https://doi.org/10.1101/638908; this version posted May 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

567 indicates no difference among groups, and R > 0 indicates that groups differ in community

568  composition.
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589  Table 1. Significance tests of the effects of inorganic fertilization on the microbial functional

590  community structure across century long-term with three different statistical approaches.

ANOSIM Adonis MRPP
Data sets
R p F p 0 p
All functional genes 0.641 0.001 9397 0.001 0.197 0.001
C cycling 0.615 0.001 8.639 0.001 0.199 0.001
N cycling 0.658 0.001 9.687 0.001 0.195 0.001
Phosphorus 0.703 0.001 10.582 0.001 0.212 0.001
Sulfur 0.670 0.001 9.630 0.001 0.214 0.001

591  All three tests are non-parametric multivariate analyses based on Bray—Curtis dissimilarities
592  among samples, including analysis of similarity (ANOSIM), the permutational multivariate
593 analysis of variance (Adonis), and multiple response permutation procedure (MRPP).
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Fig. 1. Effects of century-long fertilization on the distributions of soil microbial
communities. (a) Overall pattern of microbial functional communities from 1870 to 2008 by
Detrended Correspondence Analysis (DCA). Numbers beside the dots indicate sampling years.
(b) Dispersion of soil microbial communities in control and fertilized samples.
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601  Fig. 2. Time-decay relationships (TDR) of soil microbial communities across more than a
602 century. (a) Linear regression between community similarity (Ss) and logarithmic time
603 difference (T) of fertilized (red) and control samples (blue), respectively. (b) Temporal
604  turnover (slope of the linear regression) of functional and phylogenetic groups. *<0.05,
605 **<0.01, ***<0.001
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Fig. 3. Time-scale dependence of microbial temporal turnover (w). (a) Conceptual model
with mathematical description for time-scale dependence of microbial temporal turnover. The
change in temporal turnover rate (w) with time scale (red line) may show different features at
three different scales (orange, Phase I; blue, Phase II; green, Phase Ill). The trend can be
described by a rational function model (Eq. 1) that has different approximate formulas at
different time scales (phases). Ts, time scale, in year; k, b1, b2, k1, k2, constant coefficients. (b)
A meta-analysis was conducted to fit the proposed rational function model, as well as other
models for comparison (supplementary Table S3). The red line represents the best-fitted
rational function model. SEE, standard error of the estimate (details in Table S3). Succession
data of microbial communities were obtained from 76 datasets in published studies
(supplementary Table S2) and this study. The habitats include air, marine, leaf, surface water,
wastewater treatment and soil habitats.
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625  Fig. 5. A conceptual diagram of the impact of long-term fertilization on the assembly of
626  microbial functional communities and its potential impacts on microbial functions and
627  ecological variables. Red circles denote impacts on the underlying ecological stochasticity,
628  based on the standardized effect size of fertilization on the stochasticity ratio of each gene
629  group, all of which decreased (negative Cohen’s d values) in response to fertilization

630  (supplementary Table S4). Labels of “L”, “M”, and “S” in red circles and the widths of the red
631 lines are proportional to absolute values of Cohen’s d and indicate that the decrease in

632  stochasticity was large (| d | >0.8), medium (0.5< | d | <0.8), or small (0.2< | d | <0.5) in effect
633  size. Black arrows indicate material flows. Material pools are represented by yellow rectangles,
634  gases by blue rectangles, microbial processes by orange parallelograms, and plant processes by
635  green parallelograms.
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