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ARTICLE INFO ABSTRACT

Keywords: Adding manure to croplands restores carbon and nutrients in depleted soils, while addressing a waste disposal
Agriculture need. This practice depends on the abundance and activity of microbial communities to break down manure
Dairy farm

inputs, which provide carbon for microbial growth and release nutrients for plant and microbial uptake. In a 2-
Microbial biomass year field study, we measured changes to soil physicochemical properties and microbial community composition
Carbon in a conventional rotation of summer sileage corn and winter wheat. Three ratios of manure to mineral N fer-
Soil tilizer were used: all manure (100% of plant N from manure), mixed (50% plant N from by manure and 50% from
mineral fertilizer), and all mineral (100% plant N from mineral fertilizer). Yields of corn and wheat were similar
across treatments. Soil microbial community dissimilarity increased with higher ratios of application, suggesting
a dose-dependent relationship between manure application and microbial community composition. Both mi-
crobial biomass and dissolved organic carbon showed the greatest response immediately following manure
application, then decreased until the next application. The Shannon index increased shortly after manure
application, with the largest increase observed in soils receiving manure input. Many of the taxa that increased in
relative abundance following manure application were specifically taxa known to be present in manure and not
common or present in soil before manure application. Microbial community changes following manure appli-
cation were transitory, indicating that without continual inputs of resources, these alterations are not main-
tained. This was in contrast to microbial biomass which slowly increased in size over the 2-year study period.
Better understanding of how manure interacts with microbial communities will help in developing better
nutrient management practices and help reduce our reliance on mineral fertilizers.

Microbial diversity

Manure
Waste management

1. Introduction 2016) resulting in an increase in soil microbial biomass and diversity

(Caban et al., 2018). In one study, after 30 years of using only mineral

Manure application can provide nutrients to crops while simulta-
neously addressing a waste disposal problem by recycling nutrients into
the production of forage crop and reducing reliance on chemical fertil-
izers. The inputs of carbon and other nutrients from manure application
greatly impact the underlying soil microbial community (Nicol et al.,

fertilizers, adding animal manure slurry as a soil amendment resulted in
increased bacterial community diversity and microbial biomass
compared to the mineral fertilizer control (van der Bom et al., 2018).
Similar findings were described in a meta-analysis of 103 peer-reviewed
publications where microbial biomass was found to be higher in
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manure-applied systems relative to those receiving only chemical fer-
tilizer. Furthermore, the longer the practice occurred, the larger were
the increases in microbial biomass (Ren et al., 2019).

Soil microbial communities are drivers of many processes involved in
carbon cycling, both decomposition and organic matter formation.
Organic inputs such as manure provide readily available carbon, in
addition to mineral nutrients, that can promote the maintenance and
sometimes growth of soil microbial populations (Diacono and Mon-
temurro, 2011). To study this, assessments of dissolved organic carbon
(DOC) can be used to determine how pools of microbially accessible
carbon change following organic matter input (Mentges et al., 2019).
Determining the extent organic carbon pools are related to microbial
diversity could provide insight into the link between organic matter
application and microbially mediated decomposition. A reduction in
microbial diversity can reduce the decomposition of organic carbon,
suggesting a link between changes in microbial diversity to changes in
the soil carbon cycle (Maron et al., 2018). Models of soil carbon dy-
namics indicate that soil organic matter is created by inputs of carbon
compounds, their metabolism by soil microbial communities, and
physical protection of these metabolic by-products (Grandy and Neff,
2008). The abundance of copiotrophs and specific organotrophs in
manure may stimulate the ability of the soil to metabolize a wide variety
of carbon compounds and potentially increase soil organic carbon (Toju
et al.,, 2018; Wang et al., 2021). Manure amendment was shown to
induce higher activity of enzymes associated with carbon metabolism
compared to soils with no manure applied (Chowdhury et al., 2021). In
conclusion, the stimulation of microbial communities brought about by
increases in readily available organic material, in turn, appears to help
facilitate the formation of soil organic matter (Cotrufo et al., 2015).

Long-term applications of solely mineral fertilizers are often associ-
ated with decreases in bacterial biomass and diversity (Koninger et al.,
2021), most likely due to absence of organic inputs. A primary attention
on plant productivity in crop production systems has led to a focus on
just mineral nutrients and neglects the needs of soil biological commu-
nities for carbon and energy sources (Sun et al., 2015). Even in systems
receiving manure as a source of fertilizer, management practices are
usually focused entirely on crops and not on soil communities and thus
may not be as beneficial as they could. In a recent review of published
papers and legislation related to manure management in the European
Union, it was found that manure management practices often neglect the
potential role of manure application on soil microbial biomass and
biodiversity. This is notable because nutrients in manure feed soil mi-
croorganisms, promoting greater soil biodiversity which can detoxify
the soil, increase carbon stabilization and improve soil nitrogen reten-
tion. As such, positive ecosystem characteristics and the soil microbial
community are linked and should therefore be considered holistically
(Koninger et al., 2021). Other potential benefits to soil that could result
from optimally managed manure amendments include increased mois-
ture retention, soil aggregation, biodegradation capacity, and nutrient
cycling (Martinez-Garcia et al., 2018; Reganold and Wachter, 2016;
Wang et al., 2020; Koninger et al., 2021), all of which are mediated to
some degree by microbial activity (Cobo et al., 2002).

Amendment of soil with manure is potentially a source of microor-
ganisms from the manure itself and it may therefore modify the
composition of the recipient soil microbial community (Chen et al.,
2017). Concurrently, the addition of manure also has the potential to
stimulate resident soil microorganisms by the addition of carbon and
other nutrients (Mohammadi et al., 2011). Recently, a meta-analysis of
37 studies investigating the effects of organic vs mineral fertilizers on
soil microbial diversity found that functional as well as taxonomic di-
versity is higher in organic systems using manure (Bebber and Richards,
2022). High amounts of manure may lead to increases in pathogenic
bacteria concentrations (Hruby et al., 2016) and those carrying anti-
microbial resistance genes (He et al., 2019). Thus, it is crucial to identify
the amounts and timing of manure inputs that support positive outcomes
and reduce the risk of negative impacts.
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The objectives of our study were to: 1) determine the relationship
between manure application ratio and DOC, microbial biomass, micro-
bial community composition, and crop yields; 2) identify manure-
associated microbial taxa that change in abundance in soil following
manure application; and 3) describe interactions between soil microbial
communities and physical-chemical properties as related to manure
inputs. Our field study was conducted in a conventionally managed
corn-wheat forage rotation where samples were collected and analyzed
22 times over a two-year period.

2. Material and methods
2.1. Experiment design and soil sampling

In August 2017, an experimental field was established at the Uni-
versity of California Davis Russell Ranch (Davis, CA) as corn-wheat
rotation on a field previously used as fallow. This field was divided
into twelve treatment plots (4.57 m by 36.58 m) with each treatment
plot being comprised of three beds (1.52 m by 36.58 m). In total, three
treatments of varying manure to mineral fertilizer application ratios
were used with four replicates per treatment type, resulting in twelve
total treatment plots. Treatments were randomly distributed within
blocks in a randomized block design (Supplemental Fig. 1). Plots
received manure (2.24 kg/mz, n = 4), mixed (1.12 kg/mz, n = 4), or
mineral (n = 4) ratios of solid dairy manure amendment at the start of
each growing season for a total of four growing seasons, where it was
applied to the topsoil before being mixed in during bed construction.
Application ratios were determined based off assumed N availability to
meet crop nutrient demands and crop yields were measured after each
season to determine if ratios were sufficient in maintaining growth and
productivity. One treatment received 100% of its N from manure inputs
(manure), a second treatment received 50% of their N from manure and
50% N from chemical urea fertilizer (mixed), and a third treatment
consisted of 100% N with chemical urea fertilizer inputs (mineral) to
meet crop demands.

The crop rotation consisted of corn in summer (SC1), wheat in winter
(WW1), corn in summer again (SC2) and wheat winter again (WW2).
Corral scraped manure was collected from a local dairy farm located
approximately 20 km from the field site and transported to the experi-
mental location by truck. Management on this farm followed conven-
tional practices used in dairy farming. However, the nutrient content of
dairy manure can vary even within the same farm. For instance, the total
nitrogen content of manure can range from 1.65% wt. to 2.49% wt. (60-
degree dried manure), but the manure used in this experiment typically
had a high nitrogen content. The cattle on this farm were treated with
antibiotics, including neomycin sulfate, chlortetracycline, oxytetracy-
cline, and sulfamethazine. These are the most common antimicrobial
drugs used in California dairy farms, as reported in a 2017 survey of
Grade A milk-producing dairies and calf ranches (Okello et al., 2021). To
ensure that all treatments received the targeted amount of nitrogen, a
representative manure sample was taken before application. The total
nitrogen content, mineral nitrogen contents, and manure moisture
content were analyzed to determine the amount of manure to be applied
in each growing season.

Soil samples were collected using twist augers from the center bed of
each treatment plot (7 cm diameter by 15 cm depth) on an approximate
bi-monthly basis, with sampling dates designed to align with agricul-
tural milestones such as tillage, planting, irrigation events, harvesting,
and fertilizer application. In total, 22 sampling dates were recorded
spanning the range of 665 days. For each sampling event, 10 soil cores
per treatment plot were collected from bulk soil in the center bed at
randomly dispersed intervals 15 m away from the edge of the field. Soil
collected from each treatment plot was mixed in the field before trans-
port back to the laboratory on ice, with a portion subsampled from each
mixture and stored at — 80 °C to be used for DNA extraction and mo-
lecular analysis. In total, 12 representative samples with 4
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corresponding to each ratio of manure application (manure, mixed,
mineral) were generated from each sampling event, corresponding to
each of the 12 treatment plots established at the start of the field trial. In
addition, manure was collected from the manure spreader as it was
applied to the field then returned to the laboratory and stored at the
same conditions as soils samples.

2.2. DNA extraction, PCR amplification and sequence analysis

Total DNA was extracted from 0.25 g of soils and 0.3 g of manure
using the DNeasy PowerLyzer PowerSoil kit (Qiagen Inc., Germantown,
MD) following the manufacturer’s protocol. Gel electrophoresis was
used to assess quality of DNA after each extraction, to ensure minimal
degradation. Yields were assessed with a Qubit 3 fluorometer (Ther-
moFisher, Waltham, MA) and extractions producing > 15.0 ng/pL DNA
were used to construct 16 S rRNA gene libraries.

Libraries were prepared using a standard protocol using the 16 S
rRNA gene primer pair 515-F (GTGCCAGCMGCCGCGGTAA) and 806-R
(GGACTACHVGGGTWTCTAAT) targeting the V4 hypervariable region
(Caporaso et al., 2011). PCR was performed in duplicate using Phusion
Hot Start II high-Fidelity PCR Master Mix (Thermo Scientific Inc., Wal-
tham, MA). Reactions were conducted using a modified version of the
manufacturers protocol, with 1 pL. DNA template (15 ng/pL), 1 pL of
each primer (10 pMol), 10 pL Master Mix, and 7 pL water to reach a final
volume of 20 pL/reaction. Negative controls were used in each batch of
PCR substituting 1 pL DNA template with 1 pL water and a unique
reverse barcode to remove any possible contaminating DNA following
sequencing analysis. All reactions were conducted using the C1000
Touch Thermocycler from Bio-Rad Laboratories, Inc. (Hercules, CA).
PCR cycles included a 30 s initial denaturation at 98 °C, followed by 27
cycles of denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s,
extension at 72 °C for 15 s, and a 7 min final extension at 72 °C before
being held at 4 °C. Following PCR, a 3 pL aliquot of each reaction was
assessed on an agarose gel to ensure specific and successful amplifica-
tion. Duplicate reactions were mixed and assessed for concentration
using the Qubit 3 fluorometer (Thermo Fisher Scientific Inc., Waltham,
MA). Next, 100 ng of each successful reaction was pooled and purified
using the QIAGEN’s QIAquick PCR Purification Kit (Qiagen, Inc., Ger-
mantown, MD) according to the manufacturer’s protocol. Completed
libraries were sequenced on the Illumina MiSeq PE250 system at the UC
Davis DNA Technologies Core. Here, 11 million (28% PhiX) sequencing
reads were generated with an overall Q30 > 90.1%. The Dada2 platform
(version 1.18) was used in the R environment (www.r-progect.org) to
process demultiplexed reads using the conventional pipeline recently
described (Parsons et al., 2020). Dada2 uses error modeling to correct
sequencing errors and group sequences into exact sequence variants
(ESVs) that were used in conjunction with the Silva database (version
128) to determine phylotype counts (Callahan et al., 2016). After pro-
cessing on the Dada2 pipeline, ESVs corresponding to mitochondrial and
chloroplast taxonomy were removed and samples were rarefied to 12,
000 reads per sample.

2.3. Soil physicochemical analysis

Fresh soils collected from the field trial were also used to evaluate the
impacts of manure application on DOC and microbial biomass-C (MBC).
A representative bulk soil sample (8 g) was mixed with 40 mL
0.5 mol L™ K4S04 in polypropylene tubes and centrifuged at a force of
7969g for 15 min to remove suspended solids. Supernatant solutions
were retained for DOC concentrations (mg L~ 1). The MBC was measured
by chloroform fumigation (Joergensen, 1996; Yang et al., 2016). Both
DOC and MBC were measured using a Total Organic Carbon analyzer
(Shimadzu TOC-VCSH analyzer, Kyoto, KYT, Japan). Reactive carbon
was assessed as permanganate oxidizable carbon (POXC) was measured
as outlined elsewhere (Culman et al., 2012). In brief, 2 g of soils were
weighed into 50 mL polypropylene tubes prior to oxidation. The
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reaction was initiated by adding 18 mL of deionized water and 2 mL of
0.2molL! KMnOy (final reaction concentration = 0.02 mol Lt MnOy)
to each tube containing pre-weighed soil, followed by mixing for exactly
2 min on a reciprocal shaker and then allowed samples to settle for
exactly 10 min. The reaction was terminated by transferring 0.5 mL of
supernatant into a fresh 50 mL tube with 49.5 mL of deionized water,
which was inverted to mix thoroughly, resulting in a homogenized 1:100
dilution. To minimize variability in reaction termination time, the five
analytical replicates were run in sequence. The 1:100 dilution was
transferred to microcuvettes and analyzed by UV-Vis spectrophotom-
etry utilizing the Genesys™ spectrophotometer to quantify MnOjz
remaining in solution by absorbance at 550 nm. A separate 8 g of fresh
soil was used to determine NO3- and NHa* concentrations via standard
spectrophotometric methods (Doane and Horwath, 2003; Verdouw
et al., 1978). Potentially mineralizable nitrogen (PMN) was measured
using an anaerobic incubation method with extraction by KCI (Griffin
et al., 2017; Waring and Bremner, 1964). Electrical conductivity (EC)
was measured according to Sudduth et al. (2005), specific ultraviolet
absorbance (SUVA) was measured using UV absorbance to determine
the aromaticity of DOC (Weishaar et al., 2003).

2.4. Plant analysis

Corn and wheat plant samples were dried at 60 °C until constant
weight after harvest, then weighed to determine relative yields between
treatment plots and then ground. The processed plant samples were sent
to SoilTest Farm Consultants (Moses Lake, WA) for quantification of
nutrient contents (Marten et al., 1989).

2.5. Statistical analysis

All statistical analysis was performed using the R environment
(version 4.1.2). The Shannon index diversity was determined using the
vegan package (version 2.5-7) (vegan.r-forge.r-project.org), and com-
munity patterns were assessed by using the Bray-Curtis dissimilarity
distance, represented by use of non-metric multidimensional scaling
(NMDS). To determine the dates where changes to microbial diversity,
DOC and MBC between manure, mixed and mineral were significant,
unpaired t-tests were performed on manure and mineral, mixed and
mineral and manure and mixed at each time point. Genera found to be
significantly increased or decreased in abundance within the manure vs.
mineral plots throughout the field trial were determined by Wilcoxon
test. In each season (SC1, WW1, SC2, WW2) the timepoints with the
most and least genera significantly changed in abundance were used to
determine what percentage of those genera were also found in the
source manure used throughout the field trial. The role of different ratios
of manure application on the relationships between soil microbial di-
versity, taxonomy, and their relationship to soil chemical and physical
characteristics over time was assessed using Spearman rank-order cor-
relations. Finally, a two-way ANOVA with block as a random factor was
used to assess changes in plant yield by comparing yields between
treatment plots with 4 replicates per treatment (manure, mixed,
mineral).

3. Results

3.1. Higher ratios of manure application resulted in increased differences
in microbial communities

Microbial similarity patterns varied greatly between manure and
mineral application treatments (PERMANOVA, df = 2, P = 0.05,
p < 0.001). Mixed and manure treatment plots had increasing amounts
of dissimilarity with microbial communities in manure treatment plots
being more dissimilar. Conversely, plots that received mineral fertilizer
had microbial community compositions that resembled one another
throughout this experiment (Fig. 1).
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Fig. 1. Nonmetric multidimensional scaling analysis reveals microbial simi-
larity patterns in plots receiving manure (2.24 kg manure/m?, dark brown
circles), mixed (1.12 kg manure/mz, light brown squares), and mineral fertil-
izer (0 kg manure/m?, tan triangles).

3.2. Microbial diversity, soil organic carbon, and microbial biomass
increase with higher ratios of manure application

Microbial diversity, as measured by the Shannon index, was greater
in manure than mineral on days 17, 35, 64, 323, 357, and 371 (t-test,
p < 0.05 all dates). These increases were observed in both corn growing
seasons. In contrast, no significant differences in diversity were observed
in either of the wheat growing seasons. Comparisons between manure
treatments and mineral in the wheat growing season resulted in less
significant differences across soil physicochemical and microbiological
characteristics measured in this experiment (Supplemental Fig. 2). Di-
versity was not significantly higher at the conclusion of the field trial in
manure vs. mineral application plots. Microbial diversity was less
affected by mixed than manure, with significant increases observed on
days 17 and 120, both dates closely following manure application events
(t-test, p < 0.05). Day 64 was the only occurrence where manure
application resulted in a significantly higher microbial diversity (MEAN

00

Shannon inidex
Dissolved organic carbon (mg/kg soil)
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= 5.57, SD = 0.02) than mixed (MEAN = 5.44, SD = 0.08) (¢t = 3.01, df
=3.55, p = 0.04) (Fig. 2A).

There was a brief, but significant, increase of DOC in manure (MEAN
=43.22 mg kg™, SD = 12.51 mg kg ') compared to mineral (MEAN =
20.28 mg kg~ ?, SD = 1.66 mg kg~ 1) on day 17 following the first round
of manure application (t = 3.63, df =3.11, p = 0.03). This was followed
by a consistently significant higher concentration of DOC in manure
plots vs. mineral throughout the two-year experiment. In contrast to
trends observed in MBC, DOC was not notably higher than it was on day
1 versus day 665. DOC was similarly significantly higher in plots
receiving mixed ratios of manure application (MEAN = 45.78 mg kg !,
SD = 891mgkg!) than plots receiving mineral (MEAN =
20.28 mg kg™!, SD = 1.66 mgkg™!) on day 17 (t=5.62, df =3.21,
p = 0.01). Unlike the case of manure in comparison to mineral, mixed
application plots did not possess a DOC significantly higher than mineral
on days 50, 87, 280, 431,451, and 469. However, at the conclusion of
this trial, mixed application did significantly increase DOC in mixed
(MEAN = 45.23 mgkg™!, SD = 16.62 mg kg ') when compared to
mineral (MEAN = 29.96 mg kg~}, SD = 6.23 mg kg™1) application plots
on day 665 (t=3.78, df =5.78, p =0.01). Manure application at
manure did not vary significantly from mixed at the beginning of the
field trial on days 1, 17 and 35. On day 50, manure plots were signifi-
cantly higher (MEAN = 40.35 mg kg™, SD = 4.62 mg kg~!) than mixed
(MEAN = 25.75mgkg !, SD = 2.83mgkg™!) (t=5.38, df =4.97,
p = 0.003). From day 50 onwards, excluding days 87, 280, and 431,
DOC in manure amendment plots was significantly higher than DOC in
mixed (Fig. 2B).

MBC was significantly higher in plots receiving manure (MEAN =
89.03 mg kg1, SD = 14.32 mg kg~ 1) in comparison to mineral (MEAN
= 56.22mgkg}, SD = 6.79mgkg 1) 17 days after application
(t =4.13, df =4.29, p = 0.01). This trend continued until day 35 where
subsequent timepoints in the first corn growing season no longer varied
significantly. Following a second application of manure, manure plots
had higher MBC (MEAN = 109.61 mg kg™!, SD = 11.95 mg kg™ ') than
plots receiving mineral (MEAN = 62.38 mg kg%, SD = 10.55 mg kg 1)
120 days after initiation of the field trial (t = 5.92, df =5.91, p = 0.001).
This significant increase was observed throughout the remainder of the
experiment, peaking on day 323 where manure plots reached their
zenith of MBC (MEAN = 179.43mgkg™!, SD = 26.53 mgkg™1)
compared to those receiving mineral (MEAN = 68.19 mg kg™!, SD =
16.48 mg kg™1) (t=11.52, df =3.79, p < 0.001). These results were
observed at the start of each growing cycle following manure applica-
tion where the variance between manure and mixed MBC was most
pronounced. The MBC of plots receiving manure on day 1 (MEAN =
37.06 mg kg~!, SD = 23.73 mg kg~!) was significantly higher on day

Treatments

Mineral

Microbial biomass C (mg/kg soil)

T 17 95 50 64 87 130 199 252 260 301 33 343 367 371 431 4B1 469 515 588 624 685

T 17 35 50 64 87 120 199 262 280 301 323 343 357 371 431 451 469 515 588 624 665

T 17 35 50 64 87 120 199 262 280 301 323 343 357 371 431 451 489 515 588 624 685

Days after initial manure ammendment Days after initial manure ammendment Days after initial manure ammendment
sres CEFEPERA PP FRECRRPEERREEEAFTEES O e
Manure -Mixed [ || | T[T ] N N N Y Y N I [ B R R R Y A I ) * [ % LAEIEIEIET LAEIEIEIEIES

Fig. 2. The Shannon index was used to assess microbial diversity (A), dissolved organic carbon (DOC) (B), and microbial biomass carbon (MBC) (C), over a two-year
manure application regime in a simulated forage system. Manure application occurred at the start of each growing season with red dotted lines denoting each event.
Manure, mixed, and mineral application ratios are represented by dark brown circles, light brown squares, and tan triangles respectively. Significant differences (t-

test, p < 0.05) between treatments are denoted by * under each graph.
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665 (MEAN = 112.89 mg kg%, SD = 23.32 mg kg™1), the end of the
field trial (t = —4.55, df = 5.99, p = 0.003). The differences between
mixed ratios of manure application and mineral application were less
pronounced and notably, non-significant at the end of the field trial.
Nevertheless, similar responses to manure application were observed on
day 17 where mixed ratios (MEAN = 89.43mgkg™!, SD =
14.19 mg kg™!) had a significantly higher MBC than mineral plots
(MEAN = 56.23 mg kg™!, SD = 6.79 mgkg ™) (¢t =4.22, df = 4.31,
p = 0.01). The difference between mixed (MEAN = 113.95 mg kg~?, SD
= 15.18 mgkg™!) and mineral (MEAN = 69.74mgkg™!, SD =
5.61 mg kg™!) plots was highest on day 343 (t=5.46, df = 3.81,
p = 0.006) although the difference between mixed and mineral plots
never exceeded the difference between manure and mineral. In manure
plots, MBC was significantly higher (MEAN = 109.61 mg kg™?, SD =
11.95mgkg™!) than mixed (MEAN = 82.25mgkg!, SD =
14.41 mg kg™Y) (t=2.92, df = 5.81, p = 0.03) starting on day 120. A
significant difference between manure and mixed plots remained for
most of the experiment culminating at the conclusion of the field trial on
day 665 where manure plots maintained significantly higher MBC
(MEAN = 112.89 mg kg, SD = 23.32 mg kg™!) than mixed (MEAN =
65.22mg kg™, SD = 7.07 mgkg™!) (t=3.92, df = 3.55, p = 0.02)
(Fig. 2C).

3.3. Microbial genera that increased in abundance following manure
application were genera present in manure

The most abundant genera found in manure differed from those
found in soil (a breakdown of the most represented manure microor-
ganisms can be found in Supplemental Fig. 3). In manure-applied plots,
genera found in the source manure showed the most significantly in-
creases throughout the study. On day 1 following manure application,
27 genera significantly increased in abundance in plots receiving
manure compared to mineral (p < 0.05). This trend was maintained
over the first summer corn growing season. In day 50, the date with the
lowest number of genera (n = 11), 64% of those genera that showed
significant increases were also found in the source manure. In the
following wheat season on day 120, of the 16 genera that increased in
abundance in manure, but not mineral, 75% were found in the source
manure. By day 280, only 2 of the original 16 genera could still be
detected, of which only 1 had been detected in the source manure. Early
in the second corn growing season, 31 genera increased in abundance in
manure vs. mineral plots of which 39% were also found in the source
manure. Later in the season, 57% of the genera that had significantly
increased in abundance in manure-applied plots were found in the
source manure. At day 469 (final wheat season) and at the end of the
experiment, 100% and 49%, respectively, of the genera that increased in
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abundance in the manure plots had also been detected in the source
manure.

Conversely, genera that were not detected in the manure appeared to
significantly decrease in abundance in manure compared to mineral
plots. During the initial corn growing season, day 1 represented the date
with the most genera were significantly impacted by manure applica-
tion, on this date 22 genera were found to be in significantly lower
abundance in plots receiving manure vs. those that received mineral. On
day 50, 60% of the genera decreased in abundance were found in
manure, but in total only 5 genera were significantly decreased in
abundance at this date, whereas 11 were found to be in increased
abundance. In the first winter wheat growing season a majority (78%) of
the genera found to be in decreased abundance were those not found in
the source manure. On day 280, no genera were found to be in signifi-
cantly lower abundance in plots receiving manure vs. those not
receiving manure. Throughout the second year of the field trial, a ma-
jority of genera that decreased in abundance were not found in the
source manure. On days 323, 431, 469 and 665, genera not found in
manure constituted 92%, 100%, 84%, and 100% of the genera that
decreased in abundance in plots receiving manure vs. mineral (Fig. 3).
Furthermore, these trends are broadly reflected when considering the
totality of this field trial. When manure application is examined alone
without taking into consideration unique sampling events, 140 genera
increased in abundance in manure vs. mineral plots with a majority
(58.6%) of those genera being found to be in manure. Conversely, 51
genera had lower abundance in manure vs. mineral plots and a majority
(84.4%) of those genera are absent from the manure microbial com-
munity (Supplemental Fig. 4).

3.4. Strength of associations between soil physicochemical and biological
characteristics increased in manure-applied soils

Positive correlations between soil physicochemical and biological
factors increased with the ratio of manure application (Fig. 4). In
manure plots, there was no significant relationship between MBC and
microbial diversity. There was, however, a relationship between those
factors in mixed (rs = 0.27) and manure (rs = 0.33). Furthermore, there
was no relationship between DOC and Bacillus in mineral manure plots,
but in mixed (rs = 0.35) and manure (rs = 0.42) manure plots, the
relationship was increasingly pronounced with higher ratios of manure
application. Not all the relationships between microbial genera and soil
C were positive in manure-applied soils. In manure plots, Sphingomonas
(rs = —0.16), Psychroglaciecola (rs = —0.21), Gemmatimonas (rs =
—0.22), Ramlibacter (rs = —0.27), and Mycobacterium (r; = —0.39) were
all negatively associated with DOC. The negative association between
genera and DOC was only reflected in Ramlibacter (ry = —0.25) in

| Day 1 | |Day50|

|Day1zo|

|Day 2so| |Day 323| |Day 469| |Day 665|

Genera significantly
increased
in abundance

n=27 n=1 n=16 n=2
100%
L 1 L N L 1 L f

|Day 431|
n=31

n=7 n=7 n=14
39% 57% 43%
L 1 L 1 L 1 L 1

Genera found in source manure [Ji
. Summer Corn 1
Genera not found in source manure []

T 1 T 1 r 1 r 1 r 1 r 1 T 1 r 1
Genera significantly 45%
decreased o 60% 22% 8% 100% 16% 100%
in abundance w 78% 92% 84%
n=22 n=5 n=9 n=0 n=12 n=3 n=6 n=5

Fig. 3. Microbial genera found to be significantly different between manure and mineral treatments. The percentage of genera that increased in manure compared to
mineral fertilizer soils are on top and those that decreased in manure compared to mineral fertilizer soils are on the bottom. Differences between the treatments are
shown in each growing season (summer corn 1, winter wheat 1, summer corn 2, winter wheat 2). Genera are either detected in source manure (brown), or not (tan).
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Fig. 4. Spearman’s correlations between physicochemical and biological characteristics in soils treated with mineral, mixed and manure treatments. Stronger
positive correlations are indicated by increasing blue color intensity, negative correlations are indicated by increasing red color intensity and non-significant cor-
relations are left blank. Richness, Shannon diversity, microbial evenness, soil moisture content, soil pH, electrical conductivity (EC), dissolved organic carbon (DOC),
soil microbial biomass, specific ultraviolet absorbance (SUVA), potentially mineralizable nitrogen (PMN), and ammonium are grouped together on top and the top 20
most abundant genera are grouped on the bottom in order of decreasing abundance.

mineral plots. Rubrobacter (r; = —0.44) and Nitrososphaera (rs = —0.43),
were negatively correlated under manure application. These trends in
mineral plots were absent.

3.5. Plant yields did not differ between fertilizer and manure amended
plots

Silage corn yield did not vary significantly between treatments in
either growing season. In Season 1 it was 3.80 & 0.25 MG ha! in
mineral, 4.03 + 0.27 MG ha™! in low, and 3.87 + 0.20 MG ha™! in
manure plots. In season 3 it was 2.77 & 0.18 MG ha™! in mineral, 2.78
+ 0.13 MG ha’l, in low, and 2.68 4 0.13 MG ha~! in manure plots.
Similarly, wheat yields did not significantly vary between treatments
with season 2 silage wheat yield being 2.68 + 0.60 MG ha~! in mineral,
2.51 + 0.33 MG ha ! in low, and 2.35 + 0.29 MG ha ! in manure plots.
In season 4 silage wheat yield was 2.18 + 0.13 MG ha~! in mineral,
2.15 + 0.23 MG ha ! in low, and 1.94 + 0.06 MG ha ! in mineral,
mixed and manure plots respectively. Therefore, partially, or completely
replacing mineral nitrogen fertilizer with dairy manure maintained
silage corn and wheat yields for all four growing seasons (Table 1).

Table 1

Silage corn and wheat yields for each growth season (dry weight) with mineral,
mixed and manure treatments. The numbers to the right of each value represent
the standard error of the mean. Significant differences based on Tukey test be-
tween all four treatments are indicated by different letters in parentheses to the
right of each value.

Treatment  Season 1 Season 2 silage  Season 3 Season 2 silage
silage corn wheat yield silage corn wheat yield
yield yield
Mg ha™!

Mineral 3.80+0.25a 2.68 £ 0.60 a 2.77+£0.18a 218+0.13a

Mixed 4.03 £ 0.27 a 2.51 £0.33 a 278 £0.13 a 2.15+0.23 a

Manure 3.87+0.20a 235+0.29a 2.68 £0.13a 1.94 +0.06 a

4. Discussion

Dairy farms are often associated with nearby forage crop soils which
receive the vast quantities of manure produced by cows. Nutrients from
the manure can feed the crops, which in turn can feed cows, improving
the nutrient use efficiency of the system. Soil microorganisms are critical
as they help convert manure into crop available nutrients. We found that
manure increased total soil microbial biomass over our study (Fig. 2).
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and likely increased overall microbial activity. With regard to microbial
diversity, however, changes with manure were temporary. Specific taxa
associated with manure increase immediately following application, yet
declined rapidly until the next application (Fig. 3), providing evidence
that their presence was temporary in soil. Our findings suggest that
nutrients from manure feed the soil microbial community, and regular
inputs are necessary to maintain the changes brought about by
application.

Manure inputs increased the variability of the microbial community
composition and increased microbial diversity with the greatest change
happening in plots applied with only manure (Fig. 1). The carbon and
other nutrients provided by manure inputs likely created opportunities
for new microbial growth; similar findings were reported in a low-
organic matter soil (Bastida et al., 2021). Ultimately, fluctuating di-
versity seen in manure-applied plots drove changes in community
composition because microbial diversity increased approximately two
weeks after application, but not in mineral fertilizer plots (Fig. 2A). In
this instance manure-applied plots arrived at different community
compositions, while mineral plots remained similar. In a study of im-
pacts of swine manure inputs on the microbial community in bulk soil, it
was found that compositional changes lasted up to 28 days following
manure addition and then returned to a stable composition more similar
to that observed in untreated soil (Jechalke et al., 2014). Therefore, the
delay between manure application and changes in the soil microbial
community can contribute to a wider range of fluctuating community
compositions in manure-applied soil.

DOC was highly responsive to manure application where even mixed
plots had significantly higher DOC when compared to mineral plots and
these differences were maintained throughout the experiment (Fig. 2B).
Increases in DOC were detected prior to increases in microbial diversity,
suggesting that manure provides labile carbon to the soil which feeds the
microbial community, contributing to improvements in microbial
composition and diversity. In this case, organic matter provides an
initially robust amount of labile carbon, which then transitions to a
steady source of carbon, because labile pools of carbon can be contin-
uously restored through decomposition of the organic matter in manure
(Nelson and Wear, 2014). These increases to DOC through manure
application drives changes to soil carbon processing by heterotrophic
microorganisms just as it has in marine ecosystems (Hansell, 2013).

Furthermore, MBC incrementally increased over the course of the
experiment, with small increases following each round of manure
application (Fig. 2C). In a study of the response of soil microbial com-
munities to pig slurry, manure, and biochar in soils with variable soil
organic matter (SOM), soil receiving a mixture of organic inputs was
more prone to increased microbial biomass and activity (Yanardag et al.,
2017). This taken with our results suggests that changing community
composition is more difficult than increasing the overall abundance of
soil microorganisms. Furthermore, most of the taxa that did increase in
abundance following manure application were also present in manure
itself. Most manure-associated microorganisms diminished in abun-
dance over the growing season until the next round of application
(Fig. 3). It is therefore likely that few microorganisms from the manure
itself are added to the soil following manure application, and those that
are added are dependent on the resources in manure to persist. In a
9-year field study of annual manure applications to maize, potato, and
white mustard, increases in the abundance of manure-associated genera
occurred closely following application; however, they did not survive in
the soil after a few months (Semenov et al., 2021). This suggests that
frequent applications of manure are necessary to ensure a persistent
cohort of manure-associated microorganisms and that increases to di-
versity may be maintained by fresh applications of manure.

Our study suggests that application of manure increases the relative
abundance of taxa that were rare in soil before application. Of the top 20
most represented genera in our experimental plots, only Lysobacter
significantly increased in abundance for multiple growing seasons, with
Mycobacterium and Streptomyces increasingly temporarily (Supplemental
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Fig. 2). Increases to the soil nitrate and PMN in manure-applied plots
were seen in tandem with decreased relative abundances of the most
represented soil microbial genera (Supplemental Fig. 2). This resulted in
more negative correlations between soil nitrate, PMN and ammonium
and represented microbial genera in manure plots, a trend not seen in
mineral plots except for MND1 and Gemmatimonas. As such, it seems that
microorganisms already present in manure, such as Lysobacter, can best
utilize the nutrient pools of manure, where microorganisms already
abundant in soil do not utilize the temporary increases to nutrients that
follow application to the same extent. Indeed, increases to MBC were
negatively correlated with the relative abundances of the previously
most represented genera (Fig. 4).

Microbial invasion from poultry manure-compost, also at Russell
Ranch, was compared in soils with a 20-year history of poultry manure
compost application vs. no compost additions (Gravuer et al., 2021). The
non-composted soil was susceptible to invasion of compost-derived taxa;
however, the abundance of the compost-derived taxa dropped sub-
stantially by a month after application. Our study found continual inputs
of manure over our two-year study were needed to maintain the relative
abundance of manure-associated organisms, suggesting that their
persistence may also be short-lived unless manure continues to be
added. It is likely challenging, for taxa adapted to a manure environment
to be competitive and establish themselves in the distinctly different
environment of soil (e.g. lower carbon, nutrients), which itself has
already colonized by highly adapted soil organisms (Attwood et al.,
2019). In a 3 year study of manure application to grasslands, repeated
manure applications increased the abundance of antibiotic resistance
genes in soil, indicating that manure-induced changes to the microbial
community may persist over long periods of time (Shawver et al., 2021).
Together, changes to the microbial community brought about by
manure likely need to be maintained by continual application.

The increase in microbial diversity and biomass after manure
application can be due to the addition of microbial groups from the
rumen or manure environment, or from the influx of manure-derived
nutrients that provide resources for the existing soil microbial commu-
nity. The primary contributor is likely the addition of manure nutrients,
which feed the resident soil community, as the rumen environment
differs significantly from soil. Therefore, rumen microorganisms that
persist in soil after manure addition are likely only temporary (Attwood
et al., 2019). Although we observe a temporary increase in
manure-associated microorganisms after application, many of these
microbial groups were also present in the soil before, but in lower
abundances. Microbial evenness increased in manure and mixed
compared to mineral fertilizer plots, providing additional evidence that
less abundant soil microorganisms benefit most from manure applica-
tion (Supplemental Fig. 2). The frequency of our sampling allowed us to
detect the dynamics of rapidly increased DOC after manure application,
followed by increases in MBC and diversity. If the direct addition of
microorganisms from manure was primarily responsible for increases in
diversity after application, we would expect to see an immediate in-
crease in diversity following application, as we do with DOC.

Future studies should aim to disentangle the sources of microor-
ganisms that increase community diversity following manure applica-
tion. Stable isotope probing (SIP) is a technique used to track the flow of
carbon through radiolabeled substrates to specific members of the soil
microbial community (Barnett et al., 2021). This approach could pro-
vide insight into which taxa incorporate various forms of labile carbon,
providing more detailed information on key organisms involved in
carbon metabolism. Using the 16 S rRNA gene to determine microbial
community taxonomy limited our ability to assess functional changes
that may occur in the soil following manure application. Metagenomic
assessments of functional gene diversity could help address this limita-
tion in the future (Jansson and Hofmockel, 2018). Finally, our study
considered only dry manure from animal corrals. Studies of impacts of
other forms such as slurries and liquid manure from lagoons on soil
microbial communities are also important and needed.
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In conclusion, we found that continuous applications of manure
modify soil microbial community composition and higher manure in-
puts were associated with greater changes. Microbial diversity showed
short-term increases immediately following manure application and
then dropped down to pre-input levels. In contrast, MBC incrementally
increased with each manure application with the highest biomass being
reached in the last season of the experiment. Many of the taxa that
increased immediately after manure application were taxa found in
manure and, for the most part, not important members of the soil mi-
crobial community before manure addition. Our findings highlight the
necessity of continual applications of manure to maintain changes in the
soil microbial community and can help guide waste management prac-
tices to create both more efficient waste streams and healthier soils.
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