1' frontiers

in Earth Science

ORIGINAL RESEARCH
published: 08 February 2021
doi: 10.3389/feart.2021.590103

OPEN ACCESS

Edited by:

Matthias Peichl,

Swedish University of Agricultural
Sciences, Sweden

Reviewed by:

Ember Morrissey,

West Virginia University, United States
Christopher Craft,

Indiana University, United States
Mangiang Liu,

Nanjing Agricultural University, China

*Correspondence:
Joseph B. Yavitt
jby1@cornell.edu

Specialty section:

This article was submitted to
Biogeoscience,

a section of the journal
Frontiers in Earth Science

Received: 371 July 2020
Accepted: 07 January 2021
Published: 08 February 2021

Citation:

Yavitt JB, Pipes GT, Olmos EC,
Zhang J and Shapleigh JP (2021) Soil
Organic Matter, Soil Structure, and
Bacterial Community Structure in a
Post-Agricultural Landscape.

Front. Earth Sci. 9:590103.

doi: 10.3389/feart.2021.590103

Check for
updates

Soil Organic Matter, Soil Structure,
and Bacterial Community Structure in
a Post-Agricultural Landscape

Joseph B. Yavitt"*, Gwendolyn T. Pipes’, Emily C. Olmos’, Jiangbo Zhang? and
James P. Shapleigh®

" Department of Natural Resources, Cornell University, Ithaca, NY, United States, 2College of Life Science, Northwest A and F
University, Yangling, China, 3Department of Microbiology, Cornell University, Ithaca, NY, United States

Converting forest and wetland landscapes to agriculture has shown to result in a loss of
organic matter, structure, and microbial diversity in the converted soil but recovery of post-
agricultural soils remains poorly understood. Here we coupled landscape-scale surveys of
soil 1) carbon and nitrogen levels, 2) aggregation, and 3) bacterial metagenomes to
investigate soil recovery after 30 years in sites with soils ranging from well drained to poorly
drained. Sites with no evidence of past agriculture (Reference) served as recovery
endpoints. A secondary aim evaluated the role of nitrogen-fixing symbiosis, here
associated with alder (Alhus incana) trees, in sail restoration. Soil carbon levels in
restored sites (3.5%) were comparable to levels in a present-day farm (3.4%) but
much lower than in Reference sites (>7.3%). The same trend occurred with sail
nitrogen levels. Sites with alder trees had more acidic soil pH values. Alder trees
promoted soil structure with macroaggregates being the largest fraction of bulk sail
(75%). Natural abundance of stable nitrogen isotopes suggested extensive decay of
organic matter within aggregates. Comparison of total reads from the soil metagenomes
indicated the bacterial community in restored sites were more comparable to the present-
day farm than Reference sites, except for a well-drained soil with alder. Dissimilarity among
sites in terms of gene abundances in soil bacterial community occurred in carbon
metabolism, membrane transport, and genetic repair pathways. Soil recovery in post-
agricultural landscapes is slow when agriculture caused a large loss of soil organic matter,
as is the case in our study, and when the soil bacterial community structure changed
markedly, as it did in our study. However, fairly rapid recovery of soil structure, as we noted
in our study, is promising, and now we need a better understanding of plant species that
improve soil structure for restoration of both well-drained and poorly drained soils.

Keywords: natural abundance stable isotopes, New York State, restoration, shotgun metagenomics, soil
aggregates, wetlands

KEY POINTS

-Bulk soils in both well-drained and poorly drained (wetland) sites showed no increase in organic
matter with 30 years post-agricultural recovery.

-Soil structure, measured by aggregation, was promoted by alder trees established in both restored
and natural sites.
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-Microbial functions, measured as gene abundance, distinguished
between sites with well-drained soils and poorly drained soils, but
only an upland site with alder trees had more similar values to a
natural site than the present-day farm.

INTRODUCTION

Agriculture covers 38% of Earth’s land surface with much of it on
land that naturally supports forests and wetlands. However,
converting forests and wetlands to agriculture often initiates a
downward spiral in soil conditions (Kuzyakov and Zamanian,
2019). When drastic enough, agricultural production drops or
fails altogether forcing abandonment. While many studies
examine recovery of forest and wetland plant communities in
post-agricultural landscapes (cf., Flinn and Vellend, 2005), a
crucial uncertainty concerns how concomitant soils reclaim
their natural conditions (Lal, 2015).

Although many studies have addressed individual mechanisms
and specific drivers of soil degradation (cf., Bunemann et al., 2018),
there are still no standards and comprehensive ways to differentiate
between stages of degradation. Nonetheless, degraded soils experience
to some degree: 1) loss of soil organic matter, 2) deterioration of soil
structure, 3) scant or excessive levels of nutrients, and 4) altered
microbial diversity and activity (Carter, 2002). The reclamation of
each is still a matter of conjecture.

For example, the stock of soil organic matter represents the
long-term balance between input of plant residue to the soil and
decomposition of that residue by soil microorganisms.
Agriculture has been shown to upset this balance, largely by
increasing the rate of organic matter decomposition (Magdoff
and Weil, 2004). One way that organic matter escapes microbial
decomposers is by stabilization on the surfaces of soil minerals
that are occluded within soil aggregates (Six et al., 2000; Lehmann
et al., 2020). Tillage is especially destructive to soil aggregation
and facilitates microbial access to organic matter. Thus, recovery
of soil organic matter is linked to improved soil structure that
restores the balance between inputs and decomposition of plant
residue (Six et al., 2000).

A wide variety of approaches has been used to examine soil
microorganisms, mostly in terms of community composition,
diversity, and assembly mechanisms (Nemergut et al., 2013;
Fierer, 2017). Yet additional information exists in the relative
abundance of genes that soil microorganisms have and use,
i.e., the soil metagenome. Although we know that genes alone
do not determine microbial activity per se (Jansson and
Hofmockel, 2018), we still expect a larger suite of genes to
process plant residue that has a diverse biochemical
composition or when nutrient fertilizers have been added
compared to a uniform plant residue and nutrient poor soils
(cf., Castanieda and Barbosa, 2017; Hermans et al., 2020).

Successful recovery of degraded soil also depends on knowing
the endpoint that restoration is expected to achieve. When
agriculture occurs on a landscape composed of different
habitats, knowing the recovery endpoint can be complicated
(Crews and Rumsey, 2017). For example, in many forested
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landscapes in temperate regions, the predominant forest
established on mostly well-drained soil often also includes wet
habitats with poorly drained soil. These wet habitats include
permanent and seasonal pools, glades, stream-sides (riparian),
and wetland marshes and swamps (Flinn et al., 2008; Cohen et al.,
2016). Having comparable vestiges removes some of the
uncertainty in the recovery endpoint. However, when
agriculture is extensive and no natural sites exist, it is best to
have more than one recovery endpoint for comparison with the
restored site (Aronson et al., 1995).

The work described here is a survey of soil conditions in a
post-agricultural landscape in central New York State. The
landscape was originally upland forest with embedded
wetlands that was converted to agriculture for ~70 years and
then abandoned in the mid-1980s. Not long after agriculture
ceased a restoration effort was undertaken. Natural stream flow
across the site was restored. One portion of the study area
(described below) was maintained as an old field dominated
by herbaceous plants (Stover and Marks, 1998), whereas the other
portion had more advanced succession and was dominated by
speckled alder (Alnus incana) trees. Roots of alder are associated
with soil microorganisms that ’fix’ atmospheric nitrogen into a
bioavailable form (Hurd et al, 2001), thereby adding nutrient
nitrogen to the soil (Preem et al., 2012). This land use history is
common in the region (Flinn and Vellend, 2005).

We focused on three soil parameters: 1) quantifying carbon
and nitrogen in 11 sites including those with current agriculture
(Farm), sites in the processes of recovery from agriculture
(Restored), and sites with no previous agriculture (Reference);
2) measuring soil aggregation and aggregate stability in a subset of
these soils; and 3) characterizing metagenomes to measure
microbial gene abundances in the full suite of soils. We
expected slow recovery of soil organic matter, in particular, if
loss during agriculture created a large difference in levels between
the Farm and Reference sites. We expected more rapid recovery
of soil structure, which is promoted differently by different plant
species (Scott, 1998) but especially by alder trees (Graf and Frei,
2013). Finally, although soil microorganisms have fast growth, we
expected persistent legacy of agriculture on bacterial community
structure as has been seen in the region (Hudgens and Yavitt,
1997).

MATERIALS AND METHODS
Study Site and Experimental Design

The research was conducted in central New York State. The
region has a humid, continental climate with a mean monthly
temperature of —4°C in January and 22°C in July. The mean frost-
free season is 146 days, and mean annual precipitation is 890 mm,
including 171 cm of snow. The vegetation falls into the Allegheny
section of E. L. Braun’s (in Dyer, 2006) hemlock-white
pine-northern hardwoods region. Mesic, upland forests are
dominated by sugar maple (Acer saccharum) and American
beech (Fagus grandifolia).

The region lies on the glaciated Allegheny Plateau.
Topography is a relatively flat plain at 300 to 450 m above sea
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level. About 90% of the bedrock is overlain by glacial till of
variable thickness and composition. Gravelly or sandy outwash
and terraces of ice-contact stratified drift characterize the lowest
lying land along streams and account for the remaining 10% of
the landscape. Nearly all of the abandoned farmland is underlain
by glacial till with low to medium carbonate content, whereas till
with a great carbonate content are still in production. Our upland
sites have coarse-loamy, well-drained soils formed from medium-
lime tills and classified as Typic Dystrudepts. Our lowland sites
have fine-loamy, poorly drained soils formed in low-to medium-
lime till and classified as Aeric Fragiaquepts.

We established 11 study sites in total. Seven sites were within the
Goetchius Wetland Preserve (42°23'18.114"N 76°18'1.9188"W).
Here we established two sites in primary forest (Reference
Upland) that had never been used for agriculture, as indicated
by the pit and mound topography across the surface soil. Plowing
levels this microtopography, which is not regained until mature
trees, >100 years old begin to fall (Flinn and Marks, 2007). A
portion of the Reference Upland has beech-maple forest with alder
trees and was designated Reference Upland + alder and another
portion has the beech-maple forest but no alder trees and was
designated Reference Upland - alder. A third site was an active farm
(Farm), the only one on the Preserve. Agriculture management on
the Farm consists of 3-years continuous planting of corn followed
by 3-years of perennial forage, alfalfa (Medicago sativa) plus reed
canarygrass (Phalaris arundinacea). We sampled in the third year of
the forage production. The fourth and fifth sites have relatively well-
drained soil in which tillage ceased in 1989. A portion dominated by
old-field, herbaceous plants was designated Restored Upland-alder,
and a second old field with alder trees was designated Restored
Upland + alder. The remaining two sites at Goetchius were
associated with a small stream that cut across the site that had
been diverted during the period of agriculture with natural flow
restored in 1989. This area has poorly drained soil. One portion was
dominated by cattails (Typha latifolia) and sedges (Carex sp.)
growing in about 25cm of open water and was designated
Restored Wetland-alder, whereas the other has cattails and
sedges with alder trees and was designated Restored Wetland
+ alder.

Since no Reference Wetlands occur in the Goetchius site, we
used two other locations in the same region as references. One
location was the Dorothy Mcllroy Bird Sanctuary (42°40'09.9912"N
76°17'24.0792"W), which is the headwater of Fall Creek at the
outlet of Lake Como. The wetland is a hummocky, streamside fen,
dominated by sedges. One portion has sedges with the nitrogen-
fixing shrub sweet gale (Myrica gale; Schwintzer, 1979) and was
designated Reference Streamside Wetland + Myrica. A second
portion has sedges but no Myrica and was designated Reference
Streamside Wetland - Myrica. A second location was the headwater
of Michigan Creek at the outlet of Jennings Pond (42°19'41.5128"N
76°28'41.0952"W). This wetland is a marshy, sedge fen (Bernard
and Solsky, 1977), dominated by a dense cover of lake sedge (Carex
lacustris). One portion has sedges with scattered alder trees and was
designated Reference Depressional Wetland + alder, whereas a
second portion has sedges with no alder trees and was
designated Reference Depressional Wetland-alder. Soil in the
depressional wetland is 1-m deep peat soil, whereas soil in the
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streamside wetland is mostly clay with no peat accumulation.
Although no peat soil occurs in the Goetchius study site, we
included the depressional location because this wetland type is
common in the region (Ballantine and Schneider, 2009). Also,
agricultural on peat soils is known to result in complete loss of
the peat (Welsch and Yavitt, 2007).

Study 1: Bulk Soil

In each of the 11 study sites, we established three locations to
collect soils. The locations were determined at random from a
numbered x-y grid over a map of the site and a random number
generator. At each sample location we collected 100 g of soil from
three points (0 to 10-cm depth interval) that were combined to
make a composite sample for a total of 33 samples. We measured
moisture content gravimetrically on fresh portions of each soil,
collected in early spring, i.e., the wettest time of the year. Other
portions were air-dried before extracting available cations and
phosphorus using the Mehlich IIT extractant solution (Mehlich, 1984):
elemental analysis was done using atomic emission-inductively
coupled plasma (AE-ICP) spectroscopy at Cornell University
Laboratories.

Study 2: Soil Structure

We characterized the distribution of soil mass, carbon, and
nitrogen in hierarchical aggregates from nine sites in the study
area. We excluded peat soils from the Reference Wetland +/—
alder, given the organic nature of the soil. Soil aggregates were
fractionated by wet sieving of an air-dried portion (ca. 25 g) of the
<2mm fraction of soil following the scheme in Elliott (1986).
Briefly, soil was spread evenly on a sieve with an opening of
>250 pum, the sieve was immersed in water for 5 min (slaking).
The sieve was then moved up and down at a rate of 50 strokes in
2 min. Floatable material was decanted and saved (designated free
POM; fPOM) since it was part of the <2 mm fraction. Material
that passed through the 250-pm sieve was allowed to collect on or
pass through a sieve with an opening of 53 um. The three fractions
were washed into pre-weighed pans, i.e., macroaggregates (>250 pm),
free microaggregates (53-250 pm), and free < 53 uM (silt and clay)
fraction which were then oven-dried at 60°C.

A subsample of the macroaggregate fraction was further
separated. Briefly, 15g of oven-dried macroaggregates were
slaked in deionized water for 5 min. These samples were then
gently shaken with 50 stainless-steel bearings (4 mm dia.) while
submerged on top of a 250-pm sieve until all macroaggregates
were broken. A continuous stream of water flushed the <250 pum
material through the mesh in order to avoid the disruption of
occluded microaggregates released from the macroaggregates.
Further sieving of the <250 pm fraction through a 53 um sieve
resulted in three size fractions isolated from the macroaggregates,
ie, occluded POM (>250pum), occluded microaggregates
(53-250 um) and occluded <53 pm (silt and clay). Each of
these fractions was rinsed into pre-weighed aluminum pans,
oven-dried at 60°C.

Soil carbon and nitrogen concentration and isotopic
composition were measured at the Cornell Stable Isotope
Laboratory in Ithaca, NY, using a Finnigan MAT Delta Plus
mass spectrometer following combustion with an elemental
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analyzer (Carlo Erba NC2500; Thermo Finnigan, San Jose, CA,
United States).

Study 3: Soil Metagenomics

We used soil from all 11 sites to assess environmental
metagenomics. DNA was extracted using the MoBio PowerSoil
DNA Isolation Kit following the manufacturer’s protocol.
Triplicate DNA extractions from the same soil core were
combined to account for inner-core variability and to ensure
sufficient DNA for sequencing. This was done for each of the
three samples from the 11 sites, yielding a total of 33 DNA
samples for sequencing. The DNA was sequenced at the Cornell
University Institute of Biotechnology and was carried out using
the NextSeq500 platform yielding 150 base long, single end reads.

Quality control was carried out using tools available at kbase
(Arkin et al., 2018). Trimming of adapters and read quality
assessment was carried out using trimmomatic using the kbase
default settings (Bolger et al., 2014). Sample quality was then
assessed using FastQC (Andrews, 2010), with default settings.

Sample dissimilarity analysis was performed using Mash with
default settings on all reads. Mash utilizes a shared k-mer-based
approach to compare sample read profiles and generate pairwise
dissimilarity measures (Ondov et al, 2016). Sequence
comparisons to identify reads derived from N-oxide genes
were done using DIAMOND (Buchfink et al, 2015). For
DIAMOND, sequence reads were used as a query in a blastx
analysis against custom N-oxide protein data sets obtained from
sequenced genomes available at JGI IMG. The maximum e-value
for DIAMOND was set to 1 x 10~ and downstream filtering
limited alignments to those with a sequence identity of >60% and
a contiguous match length of >25 amino acids. All reported read
abundances are scaled to reads per million total reads to account
for differing sequencing depths. Details are given in Nadeau et al.
(2019).

Functional analysis of the metagenomic reads was determined
using an open-sourced, stand-alone pipeline FMAP (Kim et al,
2016). Gene sequences were mapped to Kyoto Encyclopedia of
Genes and Genomes (KEGG) Orthologies (KOs) database
(Kanehisa et al., 2007, 2016) and were binned into pathways
and modules. Default settings in FMAP were used to identify
reads and to assign enrichment significance in the log2 (fold
change) in the normalized read occurrence in comparisons of the
triplicate samples between particular sites. In default mode
differential abundances are determined using the Kruskal-
Wallis rank-sum tests with normalization done using reads per
kilobase per million.

Data Analyses

The preceding techniques produced three data sets: 1) carbon,
nitrogen, pH and water content of bulk soil; 2) distribution of
bulk soil among aggregate fractions; and, 3) gene abundances. We
subjected all to simple exploratory analysis, calculating means
+standard error (S.E., N = 3).

Site differences were evaluated with one-way Analysis of
Variance (ANOVA). The low statistical power in the
experimental design main effects (n = 11 sites; n = 2 +/-
nitrogen fixers; n = 3 land use; n = 2 soil types) and
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interactions constrained our ability to draw real biological
inferences with a full factorial ANOVA. Furthermore, the
unbalanced experimental design with the present-day Farm,
made it difficult to determine if non-significant results were
caused by a true lack of differences or simply an artifact of
sample size. Also, we follow the suggestion of Amrhein et al.
(2019) and report means, estimates of variation, sample size, and
p-values.

We used a repeated-measures ANOVA to evaluate how the
aggregate fractions of soil varied across nine sites. A repeated
measures design is the appropriate test because aggregate
fractions are not independent of each other.

Differential responses by soils to the presence of nitrogen-
fixing plants were assessed using Cohen’s d effect sizes (Nakagawa
and Cuthill, 2007). Cohen’s d standardizes the direction and
magnitude of the response by comparing where nitrogen-fixing
plants (+ fixer) are present to the paired site with no fixer (- fixer).
The units of d are Standard Deviations of the effect, and the effect
is taken as statistically significantly different when the 95%
confidence interval of d does not cross zero. This test is
considered more informative than the t-test for paired
comparisons, which provides only a dichotomous decision of
significantly different, or not. The effect size test gives additional
information on the magnitude of the difference (Sullivan and
Feinn, 2012).

To examine the direct relationships, we calculated correlations
among all pairs of variables in the data set. We examined both
linear (Pearson r) and non-linear (Spearman rank rho)
relationships. The large number of pairwise comparisons
increased the likelihood of Type II errors (false negatives), and
thus we used a Bonferroni correction (significance level P, times
the number of variables, divided by the number of pairwise
comparisons). This increased the confidence in positive
findings at the cost of disregarding weaker correlations.

We did not employ higher-level multivariate statistical
analysis for relationships among the data sets because assign
variables to be dependent upon other variables could lead to
spurious conclusions. Specifically, we now know there are
feedbacks among soil organic matter, soil structure, and
microbial community structure (Neal et al, 2020). For
example, microbial community structure could depend upon
soil organic matter and soil structure, whereas organic matter
and soil structure could depend upon the soil microbial
community involved in soil development. Therefore,
correlation avoids spurious relationships.

Given the large number of genes in the metagenomic data set,
we attempted to reduce the number of pairwise comparisons. To
do this we relied on the KEGG database for orthhology and
pathways (see below).

RESULTS
Study 1: Bulk Soils

Concentrations of carbon and nitrogen in bulk soils varied
significantly across the 11 sites (Table 1). However, values in
soils from both the Restored Upland and Restored Wetland sites
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TABLE 1 | Carbon and nitrogen concentrations and pH of soils from the 11 sites investigated in this study.

Carbon (g kg™)

Nitrogen (g kg™")

Farm 344 +1.0 3.2+0.1
Restored Upland

— alder 31.2+4.4 27+04

+ alder 271+ 3.6 22+0.2
Reference Upland

— alder 715+ 18.6 5.2 3

+ alder 72.9 + 241 53+1.8
Restored Wetland

— alder 39.1+7.0 3.0+05

+ alder 43.4 +10.0 35+02
Reference Streamside Wetland

— Myrica 126.8 + 20.6 6.2 1

+ Myrica 66.1 + 4.5 4.4 +
Reference Depressional Wetland

— alder 354.2 + 10.1 225+ 04

+ alder 158.4 + 7.1 108+ 0.5

ANOVA Figgz = 56.25 63.04

P <0.001 <0.001

pH standard unit

Post-Agriculture Soil Recovery

Water content (% dry

soil)
4.65 72 +4
4.88 63 +9
412 66 + 9
4.00 105 + 17
5.21 122 + 35
5.13 71+£9
5.05 84 + 12
5.03 213+ 7
4.85 128 + 26
517 1,052 + 91
4.92 359 + 42
10.11 73.94
<0.001 <0.001

Values are mean and one standard error from the mean. Sample size = 3; 0-10 cm depth interval.

TABLE 2| Standardized mean effect sizes Cohen’s d and 95% confidence intervals (Cl) for the influence of nitrogen-fixing plants in five location on bulk soil carbon, nitrogen,

and pH.

Location Carbon

Restored Upland

Reference Upland

Restored Wetland

Reference Streamside Wet.
Reference Depressional Wet.

0.72 [0.26, 1.17]
~0.47 [-2.48, 2.39]
-0.62 [-1.18, -0.05]
2.88 [ 1.19, 4.57]
15.8 [14.8, 16.8]

Nitrogen pH

0.97 [0.93, 1.00]

-0.43 [-0.22, 0.13]

~0.93 [-0.97, —0.89]
1.65 [1.56, 1.74]
18.9 [18.7, 19.0]

1.43 [1.07, 1.79]
-2.86 [-3.03, -2.68]
0.25 [0.02, 0.51]
0.31 [-0.14, 0.77]
0.32 [-0.29, 0.94]

Bold indicates a significant effect of nitrogen-fixing alder or Myrica. Positive values indicate lower concentrations or pH in the presence of nitrogen fixers; negative values indicate greater

values. 0-10 cm soil depth interval.

were statistically similar to values in soils in the Farm (Ps > 0.05).
In comparison, concentrations of carbon and nitrogen in soils
from the Restored Upland sites were about 50% of the values in
soils from the Reference Upland. Likewise, soils in the Restored
Wetlands had significantly lower concentrations of carbon and
nitrogen than soils in the Reference Wetlands.

Nitrogen-fixing plants had a significant effect on carbon and
nitrogen in bulk soils for all of the pairs of sites, except for the
Reference Upland (Table 2). Positive values for Cohen’s d in
Table 2 indicate lower concentrations of carbon and nitrogen
associated with nitrogen fixers, and thus the negative value in the
Restored Wetland indicates that nitrogen-fixing alder enhanced
concentrations of carbon and nitrogen in the bulk soils. Soil pH
values ranged from about 4.00 to 5.21 with more acidic values
associated with nitrogen fixers, except in the Reference Forest
which had the highest pH among the soils measured. In the
Reference wetlands, saturated soil water content was much less in
sites with nitrogen fixers compared to paired sites without fixers.

Study 2: Soil Aggregates
The proportion of bulk soil in the four (free) aggregate fractions
(Table 3) varied significantly across nine sites (repeated-

measures ANOVA F; .5 = 13.55, p < 0.0001). Macroaggregates
were the largest fraction in soil from the present-day Farm,
followed by free microaggregates then free <53 um size class.
In the other sites macroaggregates also were the largest fraction
but its proportion was significantly greater in soils with nitrogen-
fixing plants. Without nitrogen fixers, macroaggregates were
generally <50% of the bulk soil and free microaggregates and
the < 53 pm size were about 2-times more abundant compared to
the paired site with alder trees.

However, for the distribution of soil mass among the three
fractions (occluded) within macroaggregates (Table 4), the
analysis did not show a significant difference among sites
(repeated-measures ANOVA F,5, = 0.33, p = 0.7194). Yet a
few patterns were evident. In the Restored Upland and Restored
Wetland sites occluded microaggregates and the occluded
<53 um size class were about equal proportions in each site
with values of about 15% each to 45% each. In contrast, in the
Reference Upland and Reference Wetland sites, the occluded
microaggregate fraction was larger than the occluded <53 um
size class.

For most of the aggregate fractions, concentrations of carbon
and nitrogen as well as the natural abundance of their stable
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TABLE 3 | Distribution of bulk soil mass in four free fractions of hierarchical aggregates from nine sites investigated in this study.

Free POM (%)

Farm 0.4 +0.1
Restored Upland
— alder 0.4 +0.
+ alder 0.6 + 0.1
Reference Upland
— alder 1.0+£0.2
+ alder 9+04
Restored Wetland
— alder 35+1.0
+ alder 12+04
Reference Depressional Wetland
— alder 73+2
+ alder 45+1.6

Macroagg. (%)

713 + 4.1

437 +29
751 +14

452 +5.0
742 +3.0

53.3 + 2.6
73.3 5.1

56.7 + 3.5
710+ 27

Post-Agriculture Soil Recovery

Free microagg. (%)

Free <53 uM (%)

168+ 1.8 115+24
212+ 241 34.6 + 4.1
9.5+0.7 149 +1.6
374+ 4.3 16.4 +1.0
175+1.6 6.3+1.0
223+13 209 +1.3
11.7+25 13.8+29
294 +1.7 6.4 +1.0
135+ 3.2 11.0+1.0

TABLE 4 | Distribution of macroaggregate soil in three occluded fractions
(occluded) from nine sites investigated in this study.

Occluded Occluded Occluded
POM (%) microagg (%) <53 UM (%)
Farm 154 +1.3 444 + 2.2 39.7 £+ 0.9
Restored Upland
— alder 69.0 £ 6.9 142 +29 14.6 £ 3.8
+ alder 128v 3.6 369 + 4.6 35.3 + 16.1
Reference Upland
— alder 305+7.8 44,0 + 4.7 250+ 24
+ alder 51.1 +14.2 328+ 11.6 158 + 3.3
Restored Wetland
— alder 12.0 £ 3.7 39.7+25 466 +1.7
+ alder 58+22 426 +4.3 53.7 + 0.3
Reference Depressional Wetland
— alder 11.4 £10.3 55.7 + 9.6 328+ 4.2
+ alder 57+ 11.0 56.5 + 4.9 379+ 35

isotopes varied statistically (p < 0.0071 Bonferroni Corrected)
across the nine sites (Table 5). Across sites, the three occluded
fractions accounted for more than 50% of soil carbon and soil
nitrogen (Figure 1), with the proportion being more
pronounced in the Restored sites than in the Reference sites.
The distribution of carbon and nitrogen among these three
occluded fractions varied considerably, with the occluded
microaggregate fraction being the largest in some, but not all
cases. Overall, however, more than 50% of the soil carbon and
soil nitrogen was associated with free plus occluded
microaggregate fractions.

The natural abundance of stable carbon and nitrogen isotopes
showed lighter values in free POM than in the free
microaggregate and free < 53 um size class (Figure 2A).
Notable, however, are enriched values for stable nitrogen
isotopes in free POM from the soil from three sites: Farm,
Restored Upland - alder, and Restored Wetland -alder.
Although values for stable isotopes were more variable across
the nine sites for occluded fractions, there was still a trend of
heavier values between occluded POM vs. occluded microaggregates
and occluded < 53 pm size class, except for stable carbon isotopes in
soil from the Restored Upland - alder and Restored Wetland-alder
(Figure 2B).

TABLE 5 | Statistical p values averaged across nine sites investigated in this study
for concentrations of nitrogen and carbon and natural abundance of stable
isotopes in different fractions of hierarchical aggregates.

Fraction Nitrogen Delta °N Carbon Delta °C
Free POM 0.5119 0.0001 0.1975 0.4900
Free Macroaggregates 0.1156 <0.0001 0.0558 0.0029
Free microaggregates 0.0006 0.0112 <0.0001 0.0004
Free < 53 um 0.0158 0.0567 <0.0001 0.0021
Occluded POM 0.0027 0.0007 0.0033 0.0970
Occluded Microagg. 0.0075 <0.0001 0.0042 0.0006
Occluded <53 um 0.0041 0.0058 0.0004 0.0033

Statistically significant is indicated by bold, indicating site differences in the values.

Study 3: Soil Metagenomics

A PCA plot based on a comparison of all the metagenomic reads
(Figure 3) indicated that, with only a few exceptions, sites showed
differences along axis one but there was some clustering of sites
along axis 2. For example, the Restored Upland + alder site
grouped with the Reference Upland along axis 1, whereas the
Restored Upland-alder and the two Restored Wetland sites
grouped with the Farm soil along axis 2. For the four
Reference Wetland sites, the two streamside sites +/— Myrica
clustered with each other, but for the Reference Wetland +/-
alder the two sites were more dissimilar to each other.

Given the experimental design with sites +/— alder and the
impact of added nitrogen, a more focused read analysis was made
for the genes involved in denitrification (Figure 4). Reads from
nitrate reductases, the initial step in denitrification, were in most
sites mainly from the respiratory form (Nar) instead of the
periplasmic form (Nap). The exceptions were the Restored
Upland +/— alder and the Reference Upland-alder where
occurrence of reads from both forms were similar. All sites
had similar levels of reads assigned to nap. There was only
limited variation in the occurrence of reads for nirK, which
encodes the copper-containing nitrite reductase, with the
Restored Wetland +/— alder having slightly higher read values
than the other sites. Reads from the gene encoding the cd;-type
reductase, nirS, were relatively low in all sites and showed limited
variation. Reads for the cytochrome c-oxidizing nitric oxide
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FIGURE 1 | Carbon and nitrogen in aggregate fractions of soil from nine sites. Bars are free fractions in bulk soil (f) and fractions occluded within
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reductase (Nor), cnor, showed a similar pattern to nirS in that
they were relatively low occurrence in the reads and showed little
difference between the sites. Reads from the quinol oxidizing Nor,
gnor, occurred at significantly higher numbers than cnor. gnor
reads also showed high variation within sample replicates,
particularly in the Farm samples. Reads from the gene
encoding the nitrous oxide reductase, nosZ, were relatively low
in number but exhibited a somewhat similar pattern among sites
as reads from the nar gene, in that samples from the reference
upland +/- alder and the Reference Upland - alder had lower read
occurrence than the other sites.

Given the experimental design with well-drained vs. poorly
drained soil and potential methane production, a more focused
read analysis was done for the mcrA gene as a marker for
methanogenesis (Table 6). Reads coming from mcrA were most
prominent in the Reference Wetland +/— alder, but significantly
less in the portion where alder trees. Read abundance in the
Reference Wetland +/- Myrica was lower than the Reference
Wetland +/- alder and did not show a difference whether the
nitrogen fixer, Myrica, was present, or not. Reads from mcrA
were relatively more frequent in the Restored wetland and again
with greater abundance in the situation without alder than when
the tree was present. mcrA read abundance was below detection
in the Farm and Upland sites. Reads from the methane
oxidation gene pmoA were found in all 11 sites. The relative

frequency of the gene was significantly less in the Restored
Upland sites than in the Reference Forest sites. Interestingly,
relative abundance of pmoA reads in the Restored Wetland sites
were similar to values for the Reference Wetland sites.

To gain a broader view of bacterial community structure we
used FMAP, which assigns function to reads using the KEGG
ortholog database as reference (Kim et al, 2016). Given the
experimental design with a large number of pairwise
comparisons of sites (N = 55 pairs of sites), as well as the
number of ortholog sequences in the KEGG database
(>20,000), we only report the number of genes that were
significantly enriched in some of the more relevant pairwise
comparisons (Table 7). These differences serve as a proxy for
similarities or differences in the physiological potential in the
bacterial community. As expected, pairwise comparisons of sites
that were adjacent in the PCA plot (Figure 3) generated relatively
low numbers of orthologs with significant enrichment in one or
the other of the paired sites. For example, for the Reference
Streamside Wetlands +/— Myrica, which were fairly close on both
PCA1 and PCA2, there were 93 orthologs that were significantly
enriched in one or the other. In contrast, sites that showed large
dissimilarity in the PCA plot had a relatively larger number of
orthologs that showed significant enrichment in one or the other
of the paired sites. For example, there were 2,286 significantly
enriched orthologs in a pairwise comparisons of reads from the
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FIGURE 2 | Natural-abundance of stable isotope ratios for carbon (A)
and nitrogen (B) in aggregates of bulk soils from nine sites.

Reference upland - alder sites to those from the Reference
Depressional Wetland - alder.

The FMAP data (Table 7) also show that restoration of the soil
bacterial community has progressed further in the uplands than

Post-Agriculture Soil Recovery

in the wetlands. The restored uplands have only 382 KEGG
orthologs with differential abundance between Restored and
Reference, whereas there are still 536 KEGG orthologs with
differential abundance between Restored and Farm. In
contrast, the restored wetlands have 840 KEGG orthologs with
differential abundance between Restored and Reference
Streamside Wetland and 740 KEGG orthologs with differential
abundance between Restored and Farm.

DISCUSSION

General

The recovery of post-agricultural land is undoubtedly related
to its land use history (Bell et al., 2020). The work of Flinn and
Marks (2007) provide a useful description of the agricultural
history in the region that includes our study sites. Tompkins
County in New York State was completely forested in 1790
prior to European colonization. Land use change for
agriculture accelerated after 1850 reaching a peak in 1900.
Dairy farming was the predominant form of agriculture
resulting in a mix of pasture, hay and other crops. Woods,
brush, and fallow were intermixed across the landscape.
Widespread farm abandonment in the 1900s allowed
forests to reclaim much of the landscape, and by 1995
forests covered 54% of the county (Flinn et al., 2005).
Wetlands in the region were drained, mostly by ditching
and dikes to channel water away and create more
agricultural land (Walters and Shrubsole, 2003). Many of
the wetlands were likely covered with soil that eroded from
uplands (McCarty et al., 2009) that buried remnants of the
original wetland, making it difficult to know the endpoint per
se for wetland restoration.

A pertinent question in agriculture is the amount of nitrogen
fertilizer used. Unfortunately, we do not have a complete record
for the site. However, widespread use of synthetic fertilizers
occurred mostly after 1960 (Davidson, 2009) and might not
have been extensive in the region due to its excessive cost.
Since synthetic fertilizers are produced by fixation of
atmospheric nitrogen, they typically have a natural abundance
for stable nitrogen isotope value of 0 (Nikolenko et al., 2018),
similar to that for plants with symbiotic nitrogen fixation (Soper
etal.,, 2015). But this did not dominate values for bulk soils or soil
aggregates (discussed below). However, we cannot rule out
manure having been applied to the soils, which generally has
an isotope value of >+5 (Bateman et al., 2005), which is similar
the that for decomposed organic matter.

Bulk Soils

Unfortunately, we also do not know the level of organic matter in
bulk soil when agriculture was abandoned on the site.
Nevertheless, comparison of the present-day Farm with the
Reference Upland sites suggests that agriculture reduced bulk
soil carbon by about 55%, whereas nitrogen was reduced by about
40% (Table 1). This reduction in soil carbon is larger than the
reduction of 30% in soil carbon often assumed to occur as a
consequence of cultivation (Davidson and Ackerman, 1993;
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Murty et al., 2002). Thus, over-worked soil is likely one reason
agriculture was abandoned on the site.

For the poorly drained soils, our findings suggest bulk soils
lost more than 80% of its carbon and 50% of its nitrogen as a
result of agriculture (Table 1). There is some evidence in the
literature that soils in poorly drained areas suffer less
agriculture-induced soil carbon losses compared to better-
drained soils (Jelinski and Kucharik, 2009). However, it is

difficult to generalize about the fate of the missing carbon and
nitrogen in the study area. For instance, agriculture increases
the likelihood of wind erosion of the soil, in particular, for
depressional wetlands. This occurred in relatively deep soils in
depression wetlands along the south shore of Lake Ontario in
New York State that were converted to agriculture and were
productive for only about 50 years due to drastic loss of soil
(Kojima, 1947), The rate of soil loss was much faster than
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TABLE 6 | Occurrence of genes associated with either methane oxidation genes
(pmoA) or methanogenesis (mcrA) and normalized ratio of genes from 11 sites
investigated in this study.

pmoA (RPM) mcrA (RPM) mcrA/(pmoA +mcrA) (%)

Farm 7.8 +10.3 07+1.2 8
Restored Upland

- alder 25+03 0.0+ 0.0 0

+ alder 54 +56 0.0+ 0.0 0
Reference Upland

— alder 16.0 + 4.9 0.0+0.0 0

+ alder 16.1 + 4.2 43 +0.3 21
Restored Wetland

— alder 27.7 + 56 19.7 + 14.2 42

+ alder 16.6 £+ 9.3 8.6 + 125 34
Reference Streamside Wetland

— Myrica 9.3+48 217+ 34 70

+ Myrica 14.6 + 6.1 254 +17.5 64
Reference Depression Wetland

— alder 319+64 94.4 + 85 74.7

+ alder 191 £1.7 9.2 +3.8 32.5

ANOVA Fyogp = 6.64 32.48

P 0.001 <0.001

Values are mean and one standard error from the mean. Sample size = 3; 0-10 cm depth
interval.

could be explained by microbial decomposition of plant
residue and soil organic matter (Welsch and Yavitt, 2003,
2007) suggesting that the fine texture organic matter was wind
eroded when fields were fallow.

Thus, our findings provide virtually no evidence that organic
matter levels have recovered in the bulk soil samples since
agricultural abandonment. This is perhaps not surprising as
recovery of carbon and nitrogen in post-agricultural soils can
be a slow process (McLauchlan, 2006), with estimates ranging
from tens to several hundred years (Jandl et al., 2007; Krause
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et al,, 2016). A slow recovery rate also suggests a long mean
residence time for the pool of soil organic matter. According to
reservoir theory (Eriksson, 1971), recovery from agricultural
practices takes, at least, one residence time and three residence
times for nearly complete recovery.

The findings here did not present a clear picture for alder
contributions to restoration in these sites (Table 2). Typically, it is
assumed that nitrogen added via fixation simulates plant
production, which ultimately increases soil organic matter
(Knops et al., 2002). Although this seems to be occurring in
the Restored Wetland, there was no evidence for increased soil
organic matter associated with alder in the Restored Upland site.
Also, none of the Reference sites had greater amounts of soil
organic matter from plants associated with nitrogen fixation. One
possible explanation is that plants growing with nitrogen fixers do
take-up the extra nitrogen, but the outcome is merely plant tissue
that decomposes more readily (Hoogmoed et al., 2014; Averill
and Waring, 2018)), without enhancing soil organic matter.

Soil Structure

Our study of soil aggregation produced several unanticipated
findings. Despite the well-known finding that macroaggregates
and, perhaps, even free microaggregates are disrupted by tillage
(Six et al., 2000), macroaggregates were a prominent feature of
bulk soils in the present-day Farm. The finding here is likely
related to the type of agricultural practice used in the region,
which is rotation of corn, hay, clover, and cover crops. At the time
of sampling, the present-day Farm had a mixture of grasses and
clover. Common pasture grasses tend to be colonized by
arbuscular mycorrhizal fungi, some of which are very good at
promoting soil aggregation (Lehmann et al., 2017). Indeed, Milne
and Haynes (2004) showed that some grasses can restore
aggregate stability quite quickly especially when tillage does
not occur annually. In contrast, macroaggregates being a

TABLE 7 | Number of KEGG orthologs with statistically significant greater abundance in pairwise comparison between sites. KEGG Pathways affected by differential read

abundance.
KEGG orthologs

Presence vs absence of nitrogen fixers

Restored Upland 758

Reference Forest 1,291

Restored Wetland 332

Reference Depressional Wetland 776

Reference Streamside Wetland 93
Farm vs. Reference

Reference Upland 795

Reference Streamside Wetland 812
Restored vs. Reference

Upland 382

Depressional Wetland 1,484

Streamside Wetland 840
Farm vs Restored

Restored Upland 536

Restored Wetland 740
Soil drainage

Ref. Upland vs. Depress. Wetland 2,286

Restored Upland vs. Restored Wetland 1793

Pathways affected

Aromatic metabolism Environ. Info. Process.

Carbon metabolism Nitrogen metabolism

Genetic Info. Process. Environ. Info. Process.

Carbon metabolism Nitrogen metabolism Genetic Info. Process.
Environ. Info. Process.

Carbon metabolism Aromatic metabolism Environ. Info. Process.
Carbon metabolism Genetic Info. Process.

Nitrogen metabolism Environ. Info. Process.
Carbon metabolism Genetic Info. Process.
Carbon metabolism Environ. Info. Process.

Carbon metabolism Aromatic metabolism
Carbon metabolism Genetic Info. Process.

Carbon metabolism
Carbon metabolism Genetic Info. Process.
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smaller proportion of the bulk soil in the Restored Upland-alder
site might be related to dominance by goldenrod plants (Solidago
sp.) that have been shown to have little impact on soil structure
(Zubek et al., 2020). The contrasts in soil aggregation among sites
in our survey show there is still much to be learned about plant
species’ influences on soil aggregation.

For example, our findings show that alder roots are
particularly good at promoting soil aggregation. This is likely
related to the diversity of mycorrhizae associated with alder roots.
Alder forms well-known relationships with ectomycorrhizal
fungi (Polme et al, 2013) and actinobacterial Frankia, which
is responsible for the nitrogen-fixing capacity. However, young
alder trees also often form associations with arbuscular
mycorrhizal fungi (Chatarpaul et al, 1989) that are much
better at soil aggregate formation. Indeed, Enkhtuya and
Vosatka (2005) showed that mycorrhizae on young alder trees
were able to make direct connections with grasses that further
promoted soil aggregation. This suggests a benefit of alder
promoting soil structure that goes beyond its nitrogen-fixing
capability.

Across the sites, the predominance of soil carbon and nitrogen
within macroaggregates is not surprising, given the well-known
protection afforded organic matter when physically removed
from soil decomposers (Lehmann et al., 2020). Furthermore,
both free and occluded microaggregates had the largest
amount of soil carbon and nitrogen. According to the
hierarchy theory of aggregate formation (Tisdall and Oades, 1982)
microaggregates form more readily within macroaggregates, and thus
free microaggregates are thought to be those released from
macroaggregates via disturbance, ie., tillage. Although the timing
of microaggregate formation depends on many soil factors (Totsche
et al, 2018) it is generally believed to occur on a century rather than
decade time scale. Thus, it is likely in our sites have not had enough
time for complete formation of microaggregates occluded within
macroaggregates. Therefore, the free microaggregates were likely
inherited from pre-agriculture soil and released during the
agricultural phase.

Although the stable isotope values for POM were generally
lighter than values for microaggregates and <53 um size class, of
particular interest are the relatively large (enriched) values for
stable nitrogen isotopes in free POM from the Farm and Restored
Upland and Restored Wetland sites (Figure 2). The most likely
explanation for heavier values in POM is extensive
decomposition of the relatively fresh plant residue that is the
origin of free POM in the mineral soil. For microaggregates and
the <53 um size class the relatively large (enriched) values for
stable isotopes also suggest that protected organic matter is what
remains after microbial decomposition. It is possible that the
protected organic matter was derived from manure applied to the
soil during the agricultural phase. Regardless of the source, and
despite some evidence in the literature for fresher organic matter
in occluded fractions in restored sites (cf.,, Kalinina et al., 2018),
the results point to well decomposed organic material being
protected with soil aggregation. This finding seems to apply
across all the land uses, farm, restored, and reference, whereby
fresher organic matter that is unprotected decomposes quickly.

Post-Agriculture Soil Recovery

This is perhaps not surprising and has been observed in other
systems (Liao et al., 2006).

Soil Metagenomes

Many studies have accessed the soil microbial community in
terms of taxonomic identity of community members and
statistical inference of turnover in community composition
among treatment sites (cf, Turley et al, 2020). Here we
focused on gene abundances instead of taxonomic identity as
gene abundances provide deeper insight into the microbial
processes that are occurring among sites, ie., via metabolic
pathways (cf. Yavitt et al., 2020).

As a result, we found that only one of the restored sites, the
Restored Upland + alder, clustered with a plausible recovery
endpoint, the Reference Upland — alder (Figure 3). The other
three Restored sites showed closer affinity to the present-day
Farm, suggesting relatively minor recovery of soil bacterial
community structure. We have no a priori reason why the
Restored Upland + alder site showed recovery. Since the site
had alder, this gives a role for alder trees in restoration of post-
agricultural soils that extends beyond the symbiotic nitrogen-
fixing capacity of the tree.

Examination of gene abundances does help us resolve the
appropriate endpoint for restoration of the post-agricultural
wetlands, i.e., Depressional or Streamside. We do not know
with certainty since the original wetland was lost long before
we sampled the soils. However, the Restored Wetland had a soil
bacterial metagenome with closer affinity to the Reference
Streamside Wetland (+/— Myrica) than the Depressional
Wetland (+/- alder). This conclusion is based on separation of
the Restored Wetland from the Reference Depressional Wetland
on the first axis of the PCA plot, whereas separation from the
Reference Streamside Wetland occurred on the second axis. This
indicates greater dissimilarity on the first axis (Lever et al., 2017).
Another reason is there being fewer significantly different
orthologs between the Restored Wetland and the Reference
Streamside Wetland than a similar comparison but with the
Reference Depressional Wetland (Table 7). Both types of
wetlands occur in the region. Therefore, comparisons of
metagenomes appear to be an insightful way to link habitats
together at the landscape scale.

The examination of denitrification genes revealed only a few
notable differences among sites. On one hand, this is surprising
since the landscape contained soil ranging from well drained to
poorly drained, with an a priori prediction of greater presence of
denitrification genes in the poorly drained soils (Groffman and
Tiedje, 1989). On the other hand, homogenization of the
landscape during the agricultural period might have eliminated
differences that have been slow to recover (Zhu et al., 2017).
Moreover, there was no consistent effect of nitrogen fixers, alder
or Myrica, on the abundance of denitrification genes. One notable
exception was in the Reference Upland, where, for most of the
denitrification genes, abundance was greater in the situations
with alder than without. Presumably, this reflects the addition of
fixed nitrogen to the well-drained soil with a long-established
presence of alder.
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For methane cycling, reads associated with methane oxidation
(pmoA) but no reads associated with methane production (mcrA)
in the well-drained soils suggest that the sole source of methane
was atmospheric. This is well-known and has been observed
many times in a wide range of soils (cf., Cai et la. 2016). Here
greater abundance of pmoA reads in the Reference Forest than in
Farm and Restored soils suggest that methane-oxidizing bacteria
were impaired by agriculture and have been slow to recovery.
There is evidence that the recovery of atmospheric methane
consumption might take more than 50 years in post-
agricultural soils (Hudgens and Yavitt, 1997). Although
differences in the abundance of reads for pmoA occurred here,
the three KEGG pathways associated with methane oxidation
(M00344 xylulose monophosphate pathway; M00345 ribulose
monophosphate pathway; and, M00346 serine pathway) did not
show significant differences in any of the pairwise comparisons.
Hence, further work is needed to assess whether rates of
atmospheric methane consumption differ across the landscape.

All of the poorly drained soils showed mcrA reads, which is not
surprising for wetland soils. Here the number of reads was
statistically similar between the Restored Wetlands and
Reference Wetland soils, suggesting rapid recovery of methane
production capacity when wetland hydrology is restored. How
mcrA persists in a landscape when, presumably, all of the wetlands
have been drained, farmed, and allowed to dry is still unclear.

A straightforward interpretation of community structure
provided by FMAP is an index of dissimilarity, in this case in
gene abundances, between pairs of sites. This view of dissimilarity
is akin to dissimilarity in community composition used by
ecologists (Anderson et al., 2011). The largest differences, in
our cases, between sites with different soil drainage (Table 7)
makes sense since soil drainage, well drained vs. poorly drained,
has shown to influence bacterial community composition
(Suriyavirun et al, 2019). The FMAP analyses also support the
conclusion that soil restoration is occurring faster for the Upland
sites than the Wetland sites.

It is perhaps not surprising that most of the genes still showing
differential abundances between pairs of sites were in KEGG
pathways carbon and nitrogen metabolism, genetic and
environmental information processing, and aromatic metabolism
(Table 7). The Carbon Metabolism group likely reflects
catabolism of new compounds in the soil derived from shifting
patterns of plant species associated with farming, restoration, and
natural vegetation. This is consistent with dissimilarity in the
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Environmental Information Processing pathway, which largely
consists of genes involved in transport of a variety of compounds
across cell membranes (Rice et al, 2014). Genetic Information
Processing includes genes involved in repair of nucleic acids but
also transposable elements. Transposable elements are often
associated with the spread of novel catabolic genes within
communities (Sun and Badgley, 2019).

Relationships in the Data Set
Admittedly, the study has a complex experimental design with 11
sites, two soil drainage classes, forested and non-forested sites,
and current, past and not any agricultural practices. Although
complex, such post-agricultural landscapes are common. A
complication is how the three soil parameters examined here
(organic matter, structure, and gene abundances in the bacterial
community) are dependent on each other, which is less clear than
often presented. We hesitate assigning cause and effect intuitively
among the three parameters to avoid spurious relationships.
Therefore, we rely upon correlation analyses (Table 8). For
example, our finding strong relationships between percentage of
occluded microaggregates and abundance of denitrification
reads (Pearson r = 0.49), pmoA reads (r = 0.62), and mcrA
reads (r = 0.53) go along with the explanation that denitrification
and methane cycling occur within these highly protected soil
structures (cf., Neal et al., 2020). On the other hand, before
labeling strong correlations between the percentage of occluded
microaggregates and concentrations of carbon and nitrogen
(r = 0.62) as organic matter protection, it is important to
recognize that carbon and nitrogen compounds are the glue
that hold microaggregates together.

CONCLUSION

It is an exciting time to study soil recovery from agricultural
practices. The potential for carbon sequestration in soil organic
matter has implications for atmospheric carbon cycling and global
climate, despite still being uncertain (cf., Clark and Johnson, 2011).
Long-term sequestration of nitrogen has implications for
downstream water quality (cf, Van Meter et al, 2016).
Increased genomic information is offering insight into the
physiological potential of the bacterial community not possible
even five years ago. Integrating bacterial functions with the
dynamics of soil organic matter and soil structure is a challenge.

TABLE 8 | Correlation coefficients (Pearson r) for multiple comparisons among soil parameters.

Total denitrify PMOA gene mcrA gene pH
Total denitrify 1.00
pmMoA gene 0.69 1.00
mcrA gene 0.44 0.70 1.00
pH 0.27 0.45 0.40 1.00
% Nitrogen 0.35 0.66 0.88 0.34
% Carbon 0.34 0.63 0.90 0.35
% Soil water 0.37 0.56 0.75 0.33
% Macroagg 0.21 -0.02 -0.15 -0.59
% Microagg(o) 0.49 0.62 0.53 0.36

% Nitrogen % Carbon % Soil water % Macroagg % Microagg(o)
1.00
0.99 1.00
0.91 0.94 1.00
-0.10 -0.15 -0.05 1.00
0.62 0.62 0.73 0.26 1.00
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However, linking soil organic matter to structure to soil organisms
will generate a robust understanding of soil recovery.
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