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Abstract

Soil microorganisms mediate biogeochemical processes, but how microbial community
composition influences these processes remains contested. We combined monthly sequencing
of soil 16S RNA genes and intensive measurements of nitrogen (N), carbon (C), and iron (Fe)
cycling along a topographic gradient in a poorly drained intensive agricultural ecosystem
(com—soybean rotation) in the midwestem United States. Observed microbial composition
changed little over time within and among years despite large differences in weather and crop
type. Yet, microbial composition vared greatly with topographic location and cormelated
strongly with moisture, soil organic carbon (SOC), and especially pH. Microbial families,
genera, and/or amplicon sequence varants often conelated significantly with measured
biogeochemical processes or pools, yet different taxa within the same phylogenetic groups
often responded in opposite ways, indicating a lack of ecological coherence among close
relatives. Dominant phyla were generally similar across the topographic gradient but specific
members showed consistent tradeoffs among locations. Ammonia oxidizing archaea and
bacteria sequences varied oppositely with pH across the gradient, but their combined relative
abundances remained similar, as did potential nitification rates. Nitrospira sequences
conelated positively with nitous oxide (NpO) fluxes, suggesting a direct or indirect
contribution of nitification (or possibly comammox) to N20 production. We also found
significant linkages between taxonomic groups and redox-sensitive Fe pools, indicating a role
for redox varnation in structuring microbial communities. Several globally dominant bacteria
identified previously conelated significantly with measured biogeochemical varnables,
providing insights into their possible functional roles. Overall, microbial composition
provided a coarse measure of several key biogeochemical functions and implicated taxa that

possibly mediate these processes in a widespread agroecosystem of North America.
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1. Introduction

Microbes mediate soil biogeochemical processes, but whether the composition of the
microbial community markedly influences process rates remains contested (E. K. Hall et al.,
2018). Furthermore, the ecological roles of many taxa (e.g. amplicon sequence variants,
ASVs) remain poorly understood and difficult to characterize (Prosser, 2015). The increasing
availability of 16S rRNA gene sequence (hereafter, 16S DNA) data provides a key
opportunity for enhancing our understanding of whether and how soil processes might be
linked to community composition, and further, for identifying the potential functional roles
that globally ubiquitous microbes may play in ecosystems (Delgado-Baquerizo et al., 2018).
Here, we evaluated spatiotemporal patterns in microbial community composition and their
links to biogeochemical processes by combining frequent 16S DNA sampling with intensive
trace gas and soil chemical measurements in an intensive agricultural ecosystem that spanned
a broad gradient of soil properties.

Advancing our understanding of microbial linkages to biogeochemical processes is
particularly important in soils from intensive agricultural ecosystems, which cause
disproportionate environmental impacts and where biophysical variables that influence
microbial composition often vary tremendously within individual fields. The Midwestern
United States Corn Belt receives the highest inputs of reactive nitrogen (N) of any North
American region (Cao et al., 2018), a substantial fraction of which is lost via nitrate leaching
or as the greenhouse gas nitrous oxidgd)Nemission following microbial nitrification and
denitrification (Griffis et al., 2017; Jones et al., 2018). Much of this region is characterized by

poorly drained soils on undulating post-glacial topography, which must be drained with
3
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subsurface “tiles” to enable cultivation. Even whalrainage infrastructure is present,
low-lying topographic depressions within individdiglds (former “prairie pothole” wetlands)
may pond water for periods of days to weeks in myastrs while upslope soils remain
non-flooded (Martin et al., 2019). In addition trde differences in moisture, soil pH may
vary by several units across hydric depressionsadjatent upslope areas (tens of meters) as
a consequence of carbonate dissolution and pratgit (Logsdon and James, 2014). Soll
organic carbon (SOC) stock increases predictaloy fupslope areas to depressions in this
landscape due to erosion (Li et al., 2018). St#fkrénces in moisture, pH, and SOC created
by small elevation changes along topographic grasi@rovide a unique opportunity to
investigate the role of biophysical factors in shgpmicrobial communities and their
biogeochemical processes (Suriyavirun et al., 2019)

Changes in moisture along topographic gradients #fte availability of oxygen (£
and redox-sensitive iron (Fe) pools, which may deolinked to variation in microbial
composition (Suriyavirun et al., 2019). Iron(ll§ an important anaerobic electron acceptor
even in nitrate-rich agricultural soils (Huang aall, 2017a). Reduced (Fe(ll)) and oxidized
(Fe(ll)) forms of Fe are sensitive to,@vailability, which varies dynamically with soil
moisture. Therefore, extractable Fe(ll) serves aslative metric of anoxia within a given
soil sample (Hall et al., 2013). At low-lying logats experiencing more frequent redox
fluctuations, larger pools of highly reactive F8(Imay be formed relative to upslope
locations (Suriyavirun et al., 2019). Redox traggovide a fundamental constraint on
microbial community composition at global scalesarfRrez-Flandes et al., 2019). Yet,
whether and how redox variation structures the asitjon of soil microbial communities
remains understudied in terrestrial ecosystemg-f@dge and Firestone, 2005; Suriyavirun
et al., 2019).

The high spatial and temporal variation in moist@ed reactive nitrogen inputs
4
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characteristic of Corn Belt agricultural ecosysteats® provides an important opportunity to
examine links between microbes and soil N-cyclimgcpsses such as N mineralization,
nitrification, and NO production. The abundance and diversity of fuumal genes encoding
enzymes involved in nitrification and denitrificati have often been compared with
biogeochemical process rates (e.gONoroduction) or N pools (DomeignaHorta et al.,
2018; Petersen et al., 2012), but linkages betvl€&Shcommunity composition and process
rates remain relatively poorly explored (Pitombakt 2016; Suriyavirun et al., 2019). For
example, ammonia oxidizing archaea and bacteriaA/a@d AOB) both oxidize ammonia to
hydroxylamine using ammonia monooxygenase, but hdnevariation in these groups
correlates with changes in nitrification rates ofONproduction is unclear, especially in
agricultural systems. In particular, the high temgpovariability that characterizes most
N-cycling processes in soils (Butterbach-Bahl et 2013) creates a challenge for linking
pools or fluxes with microbial composition.

Most biogeochemical process rates are seasonatignaig, but we do not know if these
will be recorded by seasonal variations in DNA setes, and relatively few studies have
sampled DNA with sufficient frequency to concretasess within- or among-year variation.
The 16S DNA extracted from soil provides an intégglameasure of the taxonomic
composition of living, dormant, and recently deeshsnicrobes (Carini et al., 2016).
Agricultural soil microbial communities may varyasenally along with temperature and
moisture (Bainard et al., 2016; Lauber et al., 20BApart from abiotic factors, crop type is
also a primary driver of changes in soil microlmammunities, through variation in quality
and quantity of litter inputs and root exudatesiddst al., 2019). Yet despite the widespread
use of crop rotations, few studies have focusedntgrannual changes in soil microbes
within rotation systems and both major (Hsiao et 2019) or minor (Smith et al., 2016)

effects of crops have been reported. Most studiemiorobial change in agricultural soils
5
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focused on a single year (Lauber et al., 2013haok sparse resolution among years (Smith et
al., 2016; Upton et al., 2019), such that poteniiaiporal variation in microbial communities
could not be assessed along with other agroecalbgiad biogeochemical processes in crop
rotations.

Finally, when assessing potential linkages amongohial community composition and
biogeochemical processes, we are confronted wighgiestion of taxonomic scale: are
closely related taxa within broader taxonomic goepologically coherent (sensu Philippot
et al.,, 2010)? On one hand, subpopulations of #messpecies might carry out different
functions as indicated by genomic studies (Kasktaal., 2014; Rasko et al., 2008). On the
other hand, functional redundancy of lower taxorogrioups (e.g. ASV) and life-history
coherence at high bacterial taxonomic ranks (énglumn) have also been widely highlighted
(Garcia-Garcia et al., 2019; Philippot et al., d0IBxamination of relationships among
biogeochemical processes and particular ASVs anader taxonomic groups would reveal if
these relationships were consistent among closéyed taxa.

Here, we investigated spatio-temporal variation g$oil microbial community
composition, the dominant drivers of the variatiand linkages with biogeochemical
processes by combining 16S rRNA gene analyses suaihtrace gas fluxes and chemical
extractions. We collected mineral soils along aotaphic gradient in a corZda mays) -
soybean @Glycine max) rotation system in central lowa, U.S.A., over twears on an
approximately monthly basis when soils were notdéra Meanwhile, we measuredand
carbon dioxide (Cg) fluxes at high frequency (every 4 h) along thensect, leveraging a
novel automated gas measurement system (Lawremtcélah 2020). Using measurements
of greenhouse gas fluxes and soil chemical extmastiwe explored associations among
microbial community composition and several N- ar@cycling processes and

redox-sensitive Fe pools, both at higher (familg genus) and low (ASV) taxonomic levels.
6
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We addressed the following questions: 1) Does rhiatf@ommunity composition vary along
the field-scale topographic gradient and with tiraegd what are the dominant drivers of the
variation? 2) are microbial taxonomic groups and/A38nked to measurements of C, N, and

Fe cycling?
2. Materials and methods

2.1. Study site and field sampling

We established eight sampling locations at intenafl approximately 17 m along a
topographic gradient spanning a depression to g@ceaat upslope area in an agricultural
field in central lowa, USA (41.98° N, 93.69° W; Fitg). The transect spanned 120 m with
an elevation change of 2.25 m and included veryrlpom moderately poorly drained
Mollisols in the Okoboji, Canisteo, and Nicolletilsseries in the U.S. Department of
Agriculture classification. Elevation of each samgllocation relative to the bottom of the
depression was assessed using a digital elevatolelniGelder, 2015). Occasional flooding
occurred in the lower half of the transect desttitepresence of subsurface drainage tile and
surface tile inlets (Martin et al., 2019). Floodiegents caused partial crop mortality in
locations 1-2 in 2017 and complete crop mortalityiacations 1-4 in 2018 (location 1 is
lowest and 8 is highest, respectively). Cafra(mays, planted 2017) and soybedaalycine
max, planted 2018) have been cultivated in annualtiostaat this site for several decades.
Agricultural management was typical for the regemd included urea-ammonium-nitrate
fertilizer applied in April and June 2017 for aabof 179 kg N hd and tillage in November
2017. Although our measurements were limited tangle transect and field due to the
intensive nature of our sampling, corn-soybeantiarta on poorly drained soils are a major

land-cover type of the Midwestern U.S. (Martin ket 2019).
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Fig. 1. Environmental variables across eight sampling looat distributed at intervals of
approximately 17 m along a topographic gradienarmnagricultural field in central lowa,
USA. The transect spans 120 m length and 2.25 wate&. Location 1 is lowest and
location 8 is highest. NGhiiai andNOsrina represent initial and final concentrations ofatiy

before and after incubation, respectively; Nkia and NH sina represent initial and final

concentrations of ammonium before and after inaabatespectively.

We collected soils 12 times during the study perigoril 2017, May 2017, June 2017,
September 2017, March 2018, April 2018, May 2018eJ2018, July 2018, August 2018,
September 2018, and October 2018. Soils were tetlen a single morning during the latter
half of each month. For each sampling, mineral soiks were collected at 0-10 cm depth
with a stainless-steel soil corer (7.3 cm diamédtemn three places at each location along the
transect: immediately adjacent to the crop row,edalian position between two rows, and an
intermediate position. The row spacing (76 cm) kgfproximately 17 cm between core
midpoints. Soils were transported in a cooler ta taboratory immediately and soil
processing was completed within 6 h. Visible plardterial and stones were removed by
hand. Approximately 10 g was subsampled from eadlansd stored at -80°C for subsequent
DNA extraction.

2.2. Laboratory soil property analyses and field measurements

Soils collected in May 2018 were air-dried andvede (2 mm) for analysis of selected
soil properties. Soil pH was measured with a spivater mass:volume ratio of 1:1. Soil bulk
C and N concentrations were analyzed by a Variad/iube elemental analyzer (Elementar,
Langenselbold Germany). We calculated carbonateenbby measuring C{produced from
HCl-treated soils (Ye and Hall, 2020), and SOC wakulated as the difference between

bulk C and carbonate C concentrations.
9



186 Soil properties related to N- and Fe-cycling psses were analyzed using field-moist
187 samples immediately following each collection ddt&scribed above. Nitrate (N® and
188 ammonium (NH') were extracted by 2M potassium chloride (1:5oratif dry mass
189  equivalent to solution) and their N concentratiorese analyzed by colorimetric microplate
190 assays (Doane and Horwath, 2003; Weatherburn, 186@) expressed as Nk and
191  NHs'initial, respectively. To calculate potential N mineraiaa, subsamples were placed in
192  open vials in a humidified headspace and incubatefield moisture and lab temperature
193  (~23°C) for 28 d. After incubation, these soils ev@xtracted and analyzed using the same
194 methods described above to quantify 4 andNH,4 fina, respectively. Net N mineralization
195  was calculated as the change in the sum of INCand NH™-N pools, and net nitrification
196 was calculated as the change in ]NR pool over 28 d. To measure Fe(ll), which readily
197  oxidizes to Fe(lll) in the presence 0f,Boil samples were briefly homogenized in a ptasti
198 bag within seconds of field collection and a subsemwas immediately added to a
199 pre-weighed centrifuge tube with 0.5 M HCI (targatio of 1:15 soil to acid) to prevent
200 oxidation of Fe(ll), hereafter denoted Fe{#) (Huang and Hall, 2017b). Once in the
201 laboratory, samples were vortexed for 1 min, exéhdfor 1 h on a rotary shaker, and
202 centrifuged for 10 min at 10,000 g. The supernasahition was carefully decanted to a clean
203 container and Fe(l andFe(lll)uc) were analyzed using a ferrozine method optimized f
204  soil extractions (Huang and Hall, 2017b).

205 In the field, we measured fluxes of,@ and CQ, along with soil moisture and
206 temperature, at each location during the studyopeuring periods when living plants were
207  present (May-October), GQlux includes both heterotrophic and autotroplespiration.
208  Soil moisture (~0-20 cm depth) was recorded inladations every 10 min using CS616
209 moisture probes installed at a 45° angle relativeéhe soil surface (Campbell Scientific,

210 Logan UT). Soil temperature was recorded for sévecations every 10 min using CS107
10
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sensors (Campbell Scientific, Logan UT) at 10 crptldeSoil NO and CQ fluxes were
measured once every 4 h by an automated flux chaatbeach location (a second chamber
was added to each location in July 2018 and the dhta afterwards was an average of the
two chambers per location). The chamber systemdeasribed in detail by Lawrence and
Hall (2020). To match with microbial data, the vedun the 15 d prior to soil sampling were
averaged for each of the four variables. This toaks was chosen given the fact that
microorganisms can turn over on timescales of wéekaonths (Spohn et al., 2016). There
were some data gaps caused by agricultural manageane/or instrument failure. Two
missing moisture values for one sampling time wWidexl by the averages of their respective
adjacent locations. Missing temperature valuesherolocations were filled by the averages
of the recorded locations. Missing flux data weog gap-filled.
2.3. DNAextraction and 16S rRNA gene amplicon seging

We extracted DNA from 285 samples (12 months xcations x 3 cores; three samples
from September 2017 could not be analyzed duectmiteal constraints). Subsamples of 250
mg were extracted using the PowerSoil 96 Well DNgdldtion Kit (Qiagen, USA).
Concentrations of DNA were measured using a DNA rfifieation Kit Q33120
(ThermoFisher, USA) to enable subsampling of adaeh DNA mass for sequencing.
Samples were diluted to 10 ng DNA™ prior to sequencing; samples with concentration <
10 ng DNApL*were submitted directly. The V4 region of bactedatl archaeal 16S rRNA
genes (254 bp in most species) was amplified usinthe 515F
(GTGYCAGCMGCCGCGGTAA) / 806R (GGACTACNVGGGTWTCTAAT)primers.
Before sequencing, a library was prepared followthg EMP 16S lllumina Amplicon
protocol (Caporaso, 2018). Sequencing of archaghbacterial amplicons was performed on
an lllumina Miseq sequencer with Miseq Reagent ¥X& (lllumina, USA) at Argonne

National Laboratory, producing 2 x 150-bp readsyugaces were deposited in the NCBI
11
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Sequence Read Archive under BioProject accessiomaeuPRINA678372.
2.4. Bioinformatics

We used the Divisive Amplicon Denoising Algorithn{RADAZ2) pipeline (Callahan et
al., 2016) to process the sequencing data in iBtstat software version 3.6.1 (R Core Team,
2019). Three samples were not included due to dl smanber of reads<{ 32 sequences).
Most functions were run using parameters suggdstede DADAZ2 pipeline tutorial (version
1.16). During filtering, bases after 145 in botimward and backward reads were truncated
after inspecting read quality. Merging each paitrohcated reads (145 bp) gave sequences of
approximately 254 bp, with 36 bp overlapping. Sequences > 256 bp or < 250 bp might result
from non-specific priming and were removed. In tiemera removing step, the “pooled”
method was applied as it produced more reasonabieeca detection results compared with
the “consensus” method. The end product included®¥ table recording the number of
times each exact ASV was observed in each samfdeg avith a taxa table recording
taxonomy assigned to the ASVs from domain to géewsls, using the Ribosomal Database
Project classifier algorithm and the Silva databassion 132.

Next, we trimmed the ASV and taxa tables using‘fig/lloseq” package version 1.30.0
(McMurdie and Holmes, 2013) in R. Any ASVs from aghondria, chloroplast, or
eukaryotes were excluded from further analyses. psmncontaining < 200 ASVs were
removed (15 samples) and ASVs that did not havieast five sequences in at least two
samples were also removed. Removal of rare taxee@®es noise in subsequent statistical
analyses because their presence may reflect stacfastors more than underlying biology;
our approach resulted in slightly more taxa retitigan in the example method for the
phyloseq package. Before trimming, there were 156l ASVs and 3597687 total
sequences across 282 samples; afterwards, theee 5888 total ASVs and 3477159 total

sequences across 267 samples. There were 209 &AS08(mean = 433) and 5063 to 20904
12
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sequences per sample (mean = 13023). Rarefaction curves showed that sequencing depths
were adequate for all samples (data not shown). There were no apparent biases against
location, core, or sampling month of the 18 omitted samples, although they were all collected
in 2018.
2.5. Satistical analyses

All statistical analyses were performed in R software. Six environmental variables were
log10 transformed to reduce skewnesgONux, NOs'initial, NHa initial, NO3final, NH4 fina1, @and
Fe(ll)uci. Three-way ANOVA analyses without interaction followed by Tukey's multiple
comparison tests (if needed) were used to test for differences in greenhouse gas fluxes, soil
properties, relative abundances of AOA and AOB, and alpha diversity among locations, years
(crops), and months. All three factors were fixed effects. Alpha diversity was assessed using
chaol, Shannon, and inverse Simpson indices. Redundancy analyses (RDA) based on
Bray-Curtis dissimilarities were performed using the “vegan” package (Oksanen et al., 2019)
to visualize overall community composition and to identify correlated environmental
variables. Seventeen explanatory variables, namely year, month, pH, SOC concentration, C/N
ratio, soil temperature, soil moisture, relative elevation,sNQ, NHi'iniia, NO3final,
NH. finat, NEt N mineralization, Fe(Hy, Fe(Il)uc, N2O flux, and CQ flux, were used in the
RDA analysis. We used single measurements of pH and SOC pooled by location (means of
three replicates) because these variables change slowly relative to our microbial sampling
interval (i.e., nearby soils showed no management impacts on SOC or pH after 10 y; Ye and
Hall, 2020). All other predictor variables were measured along with each microbial sample,
thus representing temporal as well as spatial variation. Permutational multivariate analysis of
variance (PERMANOVA) based on Bray-Curtis dissimilarities was also performed using the
“vegan” package to test effects of the above-mentioned 17 variables on community

composition. In RDA and PERMANOVA analyses, we performed model selection by
13
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removing insignificant variablesP(< 0.01), starting with the variable with the highe
P-value and F-value, respectively. The DESeq2 paekhgve et al., 2014) was used to
identify ASVs that differed significantly among tgraphic locations. To account for
constant values of pH and SOC at each location towey, relationships among pH and SOC
and dominant phyla and classes were explored laidimixed model (LMM) analyses with
location as a random effect using the “Ime4” paekégates et al., 2015). The associations
among soil moisture and these microbial groups veqglored by Spearman correlation
analyses. The Spearman correlation analyses wsoepalformed to study the relationships
among N- and Fe-cycling processes and microbialggdhat are reported to be associated
with these processes (Esther et al., 2015; Gub, &0.9; Kuypers et al., 2018; Philippot and
Germon, 2005; Weber et al., 2006), as well as iddal ASVs within these taxonomic
groups, using the “phylosmith” package (Smith, 201¢9ine N- and Fe-cycling variables
were included for the correlation analysesONlux, NOs'initial, NH4 initial, NOsfinal, NHa4 final,
net N mineralization, net nitrification, Fe(b, and Fe(lll4c. The correlation analyses were
also utilized to explore relationships of €Qdlux and the above-mentioned nine
biogeochemical variables with ASVs that correspandath globally dominant bacterial
operational taxonomic units (OTUSs) identified ipr@vious study (Delgado-Baquerizo et al.,
2018). Bonferroni adjustment was used for ANOVA aodrelation/LMM analyses whereby
individual P values were multiplied by the numbétests conducted to correct for multiple
comparisons using the “p.adjust” R function witle timethod” argument set to “bonferroni”
(Jafari and Ansari-Pour, 2019). Due to the conseranature of the Bonferroni adjustment,
we defined a significance threshold for the Borderadjusted® values at 0.10.

In a preliminary PERMANOVA analysis, sampling pasit of each core relative to the
crop row was insignificant > 0.05) and only explained 0.5% of community cosifion.

Therefore, we averaged all environmental and mietatata for the three replicate cores per
14
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334

location per sampling date for statistical analyses, 267 total samples were reduced to 95
mean samples). We used 74-87 and 94 mean samplks mwbluding N-cycling and
Fe-cycling processes, respectively, due to misgatges in the related soil properties. Alpha
diversity indices were calculated on a per-samm@sid prior to averaging by sampling
location/date. Microbial analyses were conductemhguselative abundances of ASVs or
higher taxonomic groups, except for DESeq2 and algiversity analyses, which used

absolute abundances of ASVs.
3. Results

3.1. Soil properties and greenhouse gas fluxes

Soils across the topographic gradient differedngiipin pH (6.4-8.1) and SOC (24-38
mg g']), with smaller variation in soil C:N (11.0-12.5jgF 1; Table S1). Despite large
temporal variation, location-level mean values aggnificantly differed in soil moisture
(33.7-43.9%), Fe(IIhg (0.34-1.05 mg ¢, and Fe(l}g (0.05-0.16 mg §. Soil pH was
highest (7.7-8.1) in the intermediate locationgl@1.05 m relative elevation) and lowest
(6.4) in the upslope locations (1.51-2.25 m reiaglevation). SOC concentration decreased
from the lowest to highest location (37.7 m'&tg 23.9 mg 91) as did location-level mean
soil moisture (43.9 + 1.8% to 33.7 = 1.6%). Locatlevel mean Fe(llbQ was higher in the
bottom of the depression (0.00—0.09 m relativeatlen; 0.75 + 0.11 to 1.05 + 0.12 mg'jl)g
compared with other locations (0.34 = 0.08 to G:6b07 mg g]) However, the dynamic soil
properties measured here differed more over tim@nths and years) than among
topographic locations. For example, meandig was higher in 2017 (66.02 + 10.0§ N
g']) than in 2018 (4.22 + 0.4 N g']), as expected given that N fertilizer was apptiadng
the corn phase. Monthly mean Feaff)was significantly higher in July (0.65 * 0.36 m'é)g

than in other months (0.03 £ 0.004 to 0.05 + O.ﬁﬁgﬂfg']). Fluxes of NO (overall range:
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-5.72-1315.471g N mi? hr') and CQ (overall range: 0.54—13.9@nol m? s%) also varied
greatly over time (Fig. 1).
3.2. Driversof soil microbial community composition

Microbial communities did not group strongly by yea& month in RDA analysis based
on Bray-Curtis dissimilarities (Fig. S1). HowevdRDA revealed a clear separation of
microbial communities by topographic location, witications 1, 2, and 3 (0.00-0.09 m
relative elevation), locations 4 and 5 (0.40-0.6#atative elevation), location 6 (1.05 m
relative elevation), and locations 7 and 8 (1.5252n relative elevation) forming separate
clusters (Fig. 2). The first two axes (PC1 and Pé&g)lained 85.1% of the variation of
overall community composition and had significaefationships P < 0.01) with six
environmental variables (pH, relative elevation,GG@/N ratio, Fe(lll)c, and moisture),
which explained 52.1% of the composition variat{érg. 2). Nine significant variable$ (<
0.01) explained 64.1% of the variation in microbt@mmunity composition as shown by
PERMANOVA analysis (Table S2). Soil pH explaine@ ttmost variation (28.3%), followed
by relative elevation (12.5%), month (6.6%), sodisture (6.4%), SOC concentration (3.0%),
C/N ratio (2.3%), soil temperature (1.7%), Fe(#)(1.7%), and year (1.6%). The other
biogeochemical variables (e.g..®l and CQ fluxes) were not significantly related to
community composition in the RDA. Microbial ASV higess (Chaol index) and diversity
(Shannon index) did not significantly differ betwegears or among months or locations (Fig.
S2). Microbial evenness (inverse Simpson indexhiBaantly differed among months and
locations P < 0.05); it was generally higher from July to Qo compared with March to

June and was lower at location seven than thesther
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Fig. 2. Redundancy analysis based on Bray-Curtis distalereonstrating differences in
overall microbial community composition among topghic locations (1 is lowest, 8 is
highest), which clustered in four groups. Only #igant (P < 0.01) explanatory variables are
shown in blue arrows. Moisture and Fe(Hl) were measured along with each microbial
community sample to capture temporal variation; oleer variables were measured at a

single timepoint.

We further evaluated the relationships among pHistae, SOC concentration, and
dominant phyla and classes (Fig. 3). Among theifsogmt relationships (Bonferroni-adjusted
P < 0.10), pH had negative relationships with relatabundances oferrucomicrobia
(standardized slope = -0.77) anikcidobacteria Acidobacteriia (-0.73) and positive
relationships withThaumarchaeota (0.67),Actinobacteria (0.50) andAcidobacteria subgroup
6 (0.40). Soil moisture had positive relationshipth relative abundances étidobacteria (r
= 0.42),Chloroflexi (r = 0.32),Gemmatimonadetes (r = 0.44),Deltaproteobacteria (r = 0.48),
and Acidobacteria subgroup 4 (r = 0.38) and negative relationshiph ®Wacteroidetes (r =

-0.39) and Verrucomicrobia (r = -0.44). SOC had negative relationships with
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Verrucomicrobia (-0.76) and Bacteroidetes (-0.32) and a positive relationship with

Chloroflexi (0.62).

Fig. 3. The relationships between relative abundanceésmwiinant phyla and classes and pH,
moisture, and SOC concentration assessed usiray ime&ed models (for pH and SOC) and
Spearman correlations (for moisture). A circlenegent if Bonferroni-adjustddis < 0.1,

with circle size indicating strength of the relaship. The color indicates the direction of
relationship (blue is positive, red is negatived #me number represents the standardized
slope or correlation coefficient. Dominant phyla arranged in order of decreasing relative
abundance, and all three classeBrioteobacteria and three dominant classes in

Acidobacteria comprising 88% of total sequences in the phyluenadso included.

3.3. Relationships among microbial groups and biogeochemical processes

We identified several microbial groups that wemgngicantly related to measurements
of N-cycling processes (Fig. 4). Relative abundaonteCytophagaceae was positively
correlated with N@initiai, NHs'initiai, and NQ'rina. Nitrospiraceae was positively related to
N,O fluxes.Ferruginibacter was positively related with NGhiiar and NH; iniar. Litorilinea
was positively related with NRniia. Individual ASVs within some groups were consiglien
correlated with metrics of N transformation. Forample, four ASVs within the

Ferruginibacter genus all had a significantly positive correlatiomith NH, initial

18



394

395

396

397

398

399

400

401

402

403

(Bonferroni-adjusted® < 0.10), leading to a significantly positive cdateon between the
genus and Niiniia. Meanwhile, ASVs within some groups showed diffénelationships to
N cycling. For example, two ASVs within thiitrospiraceae family showed opposite
relationships with Nkfinia, leading to a lack of significant correlation betm the family
and NH nia. Relative abundances of Fe-reduciAgaeromyxobacter and Fe-oxidizing
Rhodomicrobium were positively correlated with Fe(lB; Fe-reducing Bacillus and
Fe-oxidizing Thermomonas were positively and negatively correlated with [FR{c),
respectively (Fig. 5). Some ASVs within broaderaiaamic groups (e.ginaeromyxobacter)
showed consistent responses to Fel)while some (e.g. ASVs withi@eobacter) showed

opposing responses (i.e., both positive and negatvFe(lll)yc.
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404

2289
Cytophagaceae 0.38 0.54 0.42
Nitrospiraceae 0.43
Ferruginibacter 0.430.43
Litorilinea 0.34

Massilia 1/0.450.48 0.4 0.39

Xylophilus 1 -0.38
Ramlibacter 1 -0.36
Burkholderiaceae Unclassified 1 -0.33
Actimicrobium 1 +0.36
Cytophagaceae Unclassified 1 0.450.52 0.5
Cytophaga 1 0.37/0.39 0.36
Nitrosospira 1 0.34
Nitrospira 1 0.38
Nitrospira 2 -0.36
Phyllobacterium 1 -0.36
Bdellovibrio 1 -0.34
Ferruginibacter 1 0.51
Ferruginibacter 2 0.46
Ferruginibacter 3 0.430.44
Ferruginibacter 4 0.33/0.420.37
Ferruginibacter 5 0.39
Flavobacterium 1 0.35
Flavobacterium 2 -0.46
Flavobacterium 3 £0.37
Steroidobacter 1 +0.35

S
-1-0.50 0.5 1

405 Fig. 4. Significant Spearman correlations between N-ogcliprocesses and relative
406 abundances of microbial groups and ASVs thouglgatticipate in N-cycling. Correlations

407 reflect both spatial and temporal variation, asrobes and biogeochemical variables were
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413

414
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417

measured in each sample over time. A circle isgure$ Bonferroni-adjuste® is < 0.1, with
circle size indicating strength of the relationsi{gmd absence of circle indicating no
significant relationship) and number in a circléeioating correlation coefficient. The color
indicates the direction of relationship (blue isspwe, red is negative). A family or genus
followed by a number denotes that a particular A@Win that group exhibited a significant
correlation with an N-cycling variable. NQiias andNOs7ina represent initial and final
concentrations of nitrate before and after inculmatiespectively; Nif i represents initial
concentration of ammonium before incubation. Neiiheralization, net nitrification, and
final concentration of Nif were not shown due to very few significant relasioips between

these processes and microbial groups or ASVs.
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Fig. 5. Significant Spearman correlations between Fehoy@ools and relative abundances
of microbial groups and ASVs thought to participaté&e-cycling. Correlations reflect both
spatial and temporal variation, as microbes andgdmohemical variables were measured in
each sample over time. A circle is present if Bomfiei-adjusted® is < 0.1, with circle size
indicating strength of the relationship (and absewiccircle indicating no significant
relationship) and number in a circle indicatingretation coefficient. The color indicates the
direction of relationship (blue is positive, rechisgative). A genus followed by a number

denotes that a particular ASV within the genusificantly correlated with Fe(lljc or
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Fe(|||)|-|c|.

Beyond the groups and taxa described above, wefa@lsw that some of the globally
dominant bacterial OTUs identified previously (Dedig-Baquerizo et al., 2018) that were
present in our samples showed significant relaligpsswith biogeochemical processes (Table
S3). Relative abundances of many of these ASVselated with Fe(lllyc, and most
belonged toChitinophagaceae (e.g. Flavisolibacter and Segetibacter) and had positive
relationships with Fe(llc. Two Haliangium ASVs had positive relationships with
Fe(llNyc, two Agromyces ASVs had negative relationships, and ASVs witiaiella, 67-14,
Sphingomonas, and Chthoniobacter had mixed relationships with Fe(lb. Some ASVs
within Chthoniobacter andHaliangium were also closely related to Fe(ld). Several groups
had an ASV significantly correlated with multiple-dycling variables:Flavisolibacter
(positive), Pseudarthrobacter (negative), andD2101 soil _group (positive; Table S3). Two
ASVs within Sophingomonas were either positively or negatively associatechv@O; flux.

3.4 Tradeoffs among ASVs and groups

Across all topographic locations, eight dominardkaryote phyla had > 2% sequence
relative abundance (Fig. S3). These incluBeateobacteria (25.3%),Acidobacteria (21.3%),
Bacteroidetes (16.3%), Actinobacteria (9.9%), Verrucomicrobia (8.7%), Chloroflexi (4.3%),
Gemmatimonadetes (3.0%), andThaumarchaeota (4.0%). These phyla accounted for 92.9%
of total sequences and were dominant in each tapbgr location, with only minor changes
in relative abundances among locations (Fig. S&spile the consistency in phylum-level
abundance, Deseq2 analysis showed tradeoffs am8Ms Avithin each phylum, i.e., some
ASVs within each dominant phylum significantly € 0.01) increased with relative elevation
while others significantly decreased (Fig. 6). Medlog2-fold changes dacteroidetes and

Verrucomicrobia with relative elevation were positive, while thosé other phyla were
23



452  negative. A tradeoff in relative abundance amongpimg locations was also observed
453  between archaeal and bacterial ammonia-oxidizioggs, which together comprised a large
454 mean proportion of sequences at each samplingidocdd.6—7.2%; Fig. 7; multiple
455  comparison tests are shown in the figure). Relaimendance dNitrososphaeraceae (AOA)

456 was significantly highest (5.5-5.7%) in locationard 5 and lowest (1.8%) in location 8. In
457  contrast, relative abundance Mitrosomonadaceae (AOB) was lowest (1.5%) in locations 4
458 and 5 and highest in location 8 (2.8%)trososphaeraceae had a strong positive relationship

459  with pH (r = 0.67;P < 0.05) whileNitrosomonadaceae had a negative relationship with pH (r

460 =-0.43;P < 0.05).
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462  Fig. 6. Log2-fold change in ASV abundance with relativevation for dominant phyla,
463  assessed using DESeq2 analysis. Each circle reypseme ASV that significantly varied with
464  relative elevation (Benjamini and Hochberg-adjusikee 0.01). Circle size indicates the

465 average of the normalized abundances, dividingiby factors, taken over all samples. A
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466  pink circle represents the median response of fogPchange to relative elevation for a

467  phylum.
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469  Fig. 7. Relative abundances of (djtrososphaeraceae, (b) Nitrosomonadaceae, and (c) sum
470  of the two groups across topographic locationsu&&lare mean + standard error (n = 11-12).
471  Letters not shared across locations representfisigmily (P < 0.01) different means via
472 Tukey's multiple comparison test.
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4. Discussion

In a humid corn-soybean rotation system, the domtinecosystem type in the
midwestern United States, we assessed variatiomarobial community composition along
a field-scale topographic gradient over time. Wa&oahvestigated dominant drivers of this
microbial variation and associations with measuredeochemical processes. At a relatively
high sampling frequency (approximately monthly), ¥eeind little change in microbial
community composition over time despite large défeces in weather and crop type (Fig. S1
and 2). Contrary to the small temporal variabiliye found that microbial community
composition varied greatly with topographic locatiand correlated strongly with soil
moisture, SOC, and especially pH (Fig. 2 and 3).fovmd significant associations among a
number of microbial groups (families and genera) biwgeochemical processes or pools, yet
different ASVs within taxonomic groups often resgded in opposite ways (Fig. 4 and 5;
Table S3). Tradeoffs in specific ASVs among santplotations (Fig. 6) likely contributed to
relatively stable abundances in broader taxonomoams across the gradient (Fig. S3), and
tradeoffs in specific groups (Fig. 7) may explaimitarities in rates of processes such as
nitrification (Fig. 1).

4.1. Soil properties shaping microbial communities along the topographic gradient

Microbial community composition differed greatlyrass the topographic gradient and
co-varied strongly with pH, SOC, and moisture (R2g.Table S2). Soil pH related most
strongly to bacterial composition (Table S2), cetesit with previous findings at local and
regional scales (Rousk et al., 2010; Griffiths let 2011). SOC and soil moisture are also
well-known drivers of microbial community compositi (Fierer et al., 2007; Maestre et al.,
2015). The associations of these three factors tivghmicrobiome were evident even at very

broad (phylum and class) taxonomic levels (Fig. Gnntrasting relationships between
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relative abundances ofAcidobacteria classes and pH, the relationships between
Actinobacteria and pH, Acidobacteria and moisture,Chloroflexi and moisture, and
Verrucomicrobia with all three variables are consistent with pregioeports (Lauber et al.,
2009; Maestre et al., 2015; Rousk et al., 2010;nghet al., 2020). However, SOC was
positively related to oligotrophi€hloroflexi (Davis et al., 2011) and negatively related to
copiotrophicBacteroidetes (Fierer et al., 2007). These unexpected relatipssimay reflect
that much of the SOC in the clay-rich depressiah ethere SOC concentration was greatest,
is not readily accessible to microbial decompos#us to protective associations with
minerals (Li et al., 2018).
4.2. Associations among microbial groups and biogeochemical processes or pools

We also observed significant relationships amongrobial groups and ASVs and
dynamic biogeochemical variables (Fig. 4 and 5)8&38). These findings are interesting as
the capacity of microbial community composition goedict ecosystem functions remains
under debate (E. K. Hall et al., 2018). For exampglesignificant correlation between
Nitrospira abundance and J® emissions (Fig. 4) indicates a direct or indireate of
nitrification (or possibly comammox) as a contrah ®N,O in this humid ecosystem.
Nitrospira typically mediates oxidation of nitrite to nitraté can also completely oxidize
ammonia to nitrate in the comammox process (Dainad. £2015). Therefore, its correlation
with N,O possibly reflects the importance of nitrate sypplcontrolling NO production via
denitrification. Some probable denitrifiers, e.gkerruginibacter, Litorilinea, and
Cytophagaceae, were positively correlated with ammonium (Nkkia) and/or nitrate
(NOs'iniial) concentrations (Fig. 4), indicating that thesgamisms may reflect or respond to
mineral N availability. Although specific mechanisminking individual ASVs and
environmental variables were not always clear (significant correlations dfiassilia and

Phyllobacterium with N,O fluxes), our data illustrate the potential forSlénicrobial
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community composition data to provide an integeatimeasure of several ecosystem
functions.

We also found significant associations among HQteetable Fe pools and several
microbial groups and ASVs thought to participateF® reduction and oxidation (Fig. 5).
High concentrations of Fe(llg, indicate anoxic microsites where Fe reductiondwaairred,
whereas high concentrations of Fe¢#) may indicate spatial or temporal redox gradients
where Fe(ll) recently oxidized to form highly reaet Fe(lll) phases. For example,
Rhodomicrobium was positively related to Fe(lky, consistent with its known metabolic role
as an Fe(ll) oxidizer. Fe(lly, was positively correlated with Fe redudBacillus and
negatively correlated with Fe oxidiz&€hermomonas, indicating their likely roles in driving
and responding to Fe redox cycling in this syst@ur data are thus consistent with the
importance of oxygen availability and redox cyclingstructuring the microbial communities
of these upland soils, a phenomenon that has etealatively little attention (Suriyavirun
et al.,, 2019; Yang and Liptzin, 2015). Furthermasar data indicate that differences in
redox-sensitive Fe pools among sampling locatiom$ @me points are reflected in 16S
rRNA gene abundances of known Fe reducers andzexsli

We also observed significant relationships amormgédchemical variables (Table S3)
and ASVs corresponding to several globally domirteaaterial OTUs identified in a previous
synthesis (Delgado-Baquerizo et al.,, 2018), inthgathat they may provide microbial
indicators of ecological functions or environmergahditions not only in this ecosystem but
possibly elsewhere. Several ASVs belonging to thglebally dominant OTUs showed
relationships with Fe(llpc; or Fe(llc, potentially indicating their sensitivity to so®,
availability even if they did not directly parti@pe in Fe reduction or oxidation. Many ASVs
within the chitinolytic family Chitinophagaceae increased with Fe(lllx;, such as the

rarely-reported aerobi€lavisolibacter and Segetibacter. Similarly, Haliangium, known to
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produce antifungal compounds, and rhizobacterith@Agromyces genus showed positive
correlations with Fe(llQc. A Ferruginibacter ASV within Chitinophagaceae was positively
related to both Fe(lllcand NH; inia. Combining microbial community composition data
with biogeochemical covariates provides a methodéoeening taxa for subsequent study as
potential microbial drivers of poorly understooadpeochemical processes. For example, in
Feammox, N oxidation is coupled to Fe(lll) reduction, yet timéicrobial catalysts remain
poorly described (Yang et al., 2012). The rolesFlavisolibacter, Pseudarthrobacter, and
WD2101 soil_group in N-cycling also deserve further study given thelationships with
NH,", NOz, and/or NO flux. Although further evidence is needed for sihefindings,
significant relationships among microbial ASVs aogps and biogeochemical variables
indicate possible microbial linkages to particidabsystem processes.
4.3. Trade-offs among microbial groups and ASVs across topographic locations

We found similar rates of several N-cycling proessacross the topographic gradient
(Fig. 1; Table S1) despite large differences inshoe, pH, and total soil N, variables which
are known to influence N transformations in thi@sstem (S. J. Hall et al., 2018). This
finding might be partially explained by abundancade-offs between different microbial
groups performing similar N-cycling functions. Foexample, both AOA (e.g.,
Nitrososphaeraceae) and AOB (e.g., Nitrosomonadaceae) are important ammonia oxidizers
in soil. Consistent with the commonly reported eicdeparation of ammonia oxidizers with
pH (Hu et al., 2014; Nicol et al., 2008), the refatabundances of these two groups showed
contrasting responses to location (Fig. 7a andaid)pH, suggesting that they segregated by
pH along the topographic gradient. Yet, their cameli relative abundance remained
relatively consistent (Fig. 7c), possibly contribgt to similar observed rates of net
nitrification across the gradient (Fig 1).

Notably, AOA had a strong positive relationship twigH while AOB had a negative
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relationship with pH; AOA abundance and pH weréhkg} in locations 4 and 5. Our findings
agree with previous reports that AOA amoA gene dbhape increased with pH
(Gubry-Rangin et al., 2011; Hu et al., 2014). Opigaesults have also been reported whereby
AOA and AOB amoA gene abundances decreased arehsenl with pH, respectively (Fan et
al., 2019; Nicol et al., 2008; Prosser and Nic6ll.2). These inconsistent findings suggest that
soil niche specialization between AOA and AOB miglsio be affected by factors other than
pH, e.g., availability of ammonium and organic @arl§Prosser and Nicol, 2012). We did not
find significant correlations between AOA and AOBouadances and ammonium
concentrationsR > 0.50). However, we found a positive relationdbepyveen AOA abundance
and SOC (r = 0.44 < 0.05) and no significant relationship betweenBAdbundance and SOC
(P > 0.05), suggesting that greater C availabilitygimi have contributed to increased
competitiveness of AOA over AOB at locations 4 @&nd some of these organisms were
heterotrophic or mixotrophic (Prosser and Nicoll 20

We also observed abundance trade-offs among ASWsnwparticular phyla across
topographic locations (Fig. 6) even while overdiyla abundances remained similar across
the gradient (Fig. S3). Other studies have als@rteg similar phyla abundances across
topographic gradients within a site (Schlatterlgt2919; Suriyavirun et al., 2019), but here,
we found strong shifts in individual ASVs among gding locations that were masked by
general similarities at the phylum level (Fig. SBlwrthermore, ASVs nested within broader
taxonomic groups often correlated in opposite waith biogeochemical variables (Fig. 4
and 5), challenging the idea that ASVs from the esd@TUs are functionally equivalent
(Garcia-Garcia et al., 2019). These results sughestclosely related taxa may respond
differently to environmental variation (Bier et,aR015). This conclusion is supported by
observations of distinct genomic contents and umifpatures among subpopulations of the

same species in two genomic studies (Kashtan et2@l4; Rasko et al., 2008). Taken
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together, our observational results are consistéhtthe hypothesis that individuals from the
same families or genera are not necessarily funalip or ecologically coherent.
4.4, Little change in community composition over time

Few studies have assessed inter-annual variationggricultural soil microbial
communities on a monthly basis (Hsiao et al., 2018ith this relatively high temporal
sampling frequency, we found that microbial evesnésverse Simpson index) was
significantly higher at the peak and the end of ghewing season (July to October) than in
the early-growing season (March to June); microbéiiness (Chaol index) showed a similar
but insignificant trend (Fig. S2). Bacterial riclsseand diversity were also higher in the
peak-growing season (August) than in the early-grgveeason (late May to early June) in
prairie and continuous corn soils located sevemal fkom our site (Upton et al., 2019),
possibly driven by greater litter inputs and exedaturing this period (Lauber et al., 2013).

Different from microbial evenness, microbial comnyncomposition changed little
over time within and among years, despite larg&tian in weather and crop type (Fig. S1).
Moderate (Bainard et al., 2016; Hsiao et al., 2QEber et al., 2013) or minor (Bainard et
al., 2016; Smith et al.,, 2016; Yu et al., 2011) pemnal changes in microbial community
composition have been reported for agriculturalssolhree reasons might explain why
sampling month and year had minor effects on miatobommunity composition in our
study. First, SOC contents were high in these geilstive to many other agroecosystems
(Bainard et al., 2016; Lauber et al., 2013), amdblstisotopes indicated that C derived from
the most recent crop residues accounted for a $raatlon of total soil respiration in nearby
soils under similar management (Ye and Hall, 20Z@grefore, these communities may be
more temporally stable because most soil metabaditvity is focused on processing
slower-cycling C pools (with turnover times of yedo decades) as opposed to the most

recent litter inputs. Second, a large pool of r€EdA persisting in soil for weeks to years
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after cell death may buffer temporal changes, anpimenon that may be especially
pronounced in neutral and alkaline soils such asdtexamined here (Carini et al., 2016).
Third, strong spatial variability in soil propediesuch as pH are strong determinants of
bacterial community composition (Fig. 1 and Tabl2) &Snd may mask temporal/crop
variability across broad gradients in soil propet{Bainard et al., 2016; De Gruyter et al.,
2020; Fierer and Jackson, 2006). Overall, commuciyposition was quite constant over
time, despite the fact that some individual taxoimogroups and ASVs correlated with

spatiotemporal variation in biogeochemical procgsse

5. Conclusion

Here, we found that microbial community compositi@aried greatly with topographic
location but changed little among months and ydaspite large differences in weather and
crop type in a corn-soybean rotation. Tradeoffspacific ASVs or groups such as AOA vs
AOB among topographic locations may explain rekgivsimilar abundances of dominant
taxonomic groups and process rates such as ratigit. We found significant associations
among many microbial groups and ASVs with metritchlpFe, and C cycling, which varied
more over time than over space. Notably, diffe®8Vs within the same families or genera
often had opposite relationships with biogeochemicariables, challenging previous
statements that closely related taxa are functipnadundant. Our results indicate that
spatial and temporal variation in microbial composi among samples can potentially

provide insights into ecosystem processes.
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Several microbia groups correlated significantly with N- or Fe-cycling
processes

Different taxa within the same phylogenetic groups often responded in
opposite ways

Microbial composition varied with topographic location but changed little
over time

Ammonia-oxidizing archaea and bacteria varied inversely but their sum was
similar

Composition tradeoffs might maintain similar process rates across soil

gradients
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