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Soils hold more carbon (C) than the atmosphere and vegetation combined. This
pool of C may be a source or a sink to the atmosphere depending on the microbial
mediators of detrital decomposition. However, we are just beginning to discover the
identities and ecological functions of the vast majority of uncultivated soil taxa.
Edaphic variables like soil pH often govern microbial community composition. In this
dissertation, I explore how manipulating soil pH through liming affects microbial
community composition and decomposition in acidic northern hardwood forest soils.
In Chapter 1, I investigate changes in decomposition and bacterial and fungal
community composition in limed forested subcatchments where soil C stocks had
accumulated over two decades. Liming altered bacterial and fungal composition,
decreasing the relative abundance of ectomycorrhizal and saprotrophic fungi as well as
actinomycetes that were correlated with lignocellulolytic enzyme activity.
In Chapter 2, I compare liming-induced shifts in bacterial and fungal
community structure and activity between a short- and long-term liming experiment in
northern hardwood forests of the Adirondacks to elucidate the role of pH. Within two
years of liming a majority of taxa responded similarly to the long-term site.

Connecting microbial structure and function directly through stable isotope
probing in Chapter 3, I prove that limed bacterial and fungal communities metabolize
leaf litter C differently than in control acidic soils.
This dissertation bridges scales ranging from ecosystem processes to individual
microbial taxon function, connecting the structure of microbial communities to their
function in ecosystem C-cycling. The impact of climate change, the most urgent
problem of the Anthropocene, will depend heavily on understanding the responses of
soil microorganisms.
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CHAPTER 1

LIMING SUPPRESSES DECOMPOSITION IN AN ACID FOREST SOIL BY
ALTERING MICROBIAL COMMUNITY COMPOSITION, REDUCING
OXIDATIVE ENZYME ACTIVITY

Abstract
Microbial community structure and function often covary with soil pH, yet
there are few long-term experimental tests of these relationships in natural ecosystems.
We investigated the impacts of experimental liming on microbial community structure
and decomposition processes after 25 years at a northern hardwood forest site, where
liming produced a unit increase in pH and a doubling of forest floor organic matter.
We tested whether liming altered microbial community composition, and whether this
change correlated with enzyme activity in the Oe and Oa horizons by assaying seven
hydrolytic and two oxidative extracellular enzymes and sequencing bacterial 16S
rRNA genes and fungal ITS regions. Twenty-five years later, liming had restructured
bacterial and fungal communities. In addition, liming reduced the activities of six
extracellular enzymes, indicating a reduced capacity for decomposition. Ligninolytic
oxidative enzymes decreased the most, declining 45% in the limed soils. The changes
in oxidative enzyme activities correlated with the loss of specific microbial taxa
important for lignocellulose decay, including significant reductions in the dominant
ectomycorrhizal genera Russula and Cenococcum, saprotrophs and wood decay fungi,
and bacteria related to genus Actinomadura. The loss of some of these taxa was
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pronounced in the Oa horizon where soil C had accumulated the most. We show that
liming can restructure microbial communities and enzyme activities, explaining
increased carbon storage in northern hardwood forest floor soils.
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Introduction
Understanding how changes in microbial community structure alter carbon (C)
and nutrient cycling can reduce uncertainty in carbon-climate feedbacks (Zhou et al.
2011). Given that microbes directly regulate organic matter (OM) turnover, adding 55
Pg C/yr to the atmosphere (Prentice et al. 2001), it is essential to understand factors
that regulate microbial decomposition of soil C. The edaphic properties that most
strongly influence microbial community structure, like soil pH (Fierer 2017), could
have a major impact on soil C storage in certain contexts. Comparisons across sites
indicate that soil pH is one of the strongest predictors of variation in microbial
community composition across local to continental spatial scales and decadal to
millennial temporal scales (Frostegård et al. 1993, Jenkins et al. 2009, Lauber et al.
2009, Baker et al. 2009, Fierer et al. 2012, Tedersoo et al. 2015, Tripathi et al. 2018).
In addition, perturbations like deforestation and changes in land use or climate can
cause shifts in microbial community composition, which may also be mediated
directly or indirectly by soil pH (Crowther et al. 2014, Bell et al. 2014, McGuire et al.
2015). However, soil pH is governed by complex interactions between
physicochemical and biological properties that develop in soils over long periods of
time, which can obscure the causal relationships between soil pH and microbial
community structure and function. There is a compelling need for long-term studies
that experimentally manipulate pH to discern causality among the many correlated
variables that affect microbial community structure and function (Lauber et al. 2009,
Reid and Watmough 2014, Bier et al. 2015).

3

Clarifying the role of soil pH in regulating microbial community structure and
function has both mechanistic and management implications. In Europe, forest
managers routinely manipulate soil pH through the application of lime (CaCO3) or
wood ash to counteract acid deposition from air pollution, a practice now increasing in
acid-sensitive forests of the United States and Canada (Derome et al. 2000, US Forest
Service 2011, National Park Service 2015, Long et al. 2015, Hannam et al. 2018,
Grüneberg et al. 2019). These manipulations provide opportunities to explore the
response of soil processes to altered pH. Application of lime can have divergent
effects on forest soil C stocks (Paradelo et al. 2015). In northern forest soils, liming
sometimes increases in microbial biomass and respiration, leading to an overall
reduction of organic (O) horizon C stocks (Illmer and Schinner 1991, Badalucco et al.
1992, Kreutzer 1995, Nilsson et al. 2001, Andersson and Nilsson 2001, Lundström et
al. 2003). In these cases, C loss could result from an increase in microbial activity
driven by alleviation of acid stress (Lundström et al. 2003, Malik et al. 2018).
Alternatively, at other sites, liming has increased soil C concentrations and
stocks, with proposed mechanisms including increased plant C inputs and a lack of
adaptation by the microbial decomposer community to higher pH (Derome 1990,
Poulton et al. 2003, Srámek et al. 2012, Melvin et al. 2013, Grüneberg et al. 2019).
One liming experiment that produced an especially large increase in soil C is a lime
addition in the northern hardwood forest watershed of Woods Lake in the Adirondack
Park of New York, resulting in a doubling of O horizon C stocks compared to controls
20 years later (Driscoll et al. 1996, Melvin et al. 2013). Liming did not change
litterfall or aboveground biomass, but it did significantly reduce soil basal respiration
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rates, suggesting that C accumulated because decomposition slowed and not because
plant C inputs increased (Melvin et al. 2013). The variable response of long-term soil
C turnover to liming could stem from changes in microbial community structure and
function, but the microbial basis for these pH driven changes in soil C stocks remain
poorly described (Reid and Watmough 2014).
Northern forest ecosystems with acidic soils usually exhibit well developed
surface O horizons that can be differentiated into a fermenting layer (Oe) overlying a
more humified layer (Oa). These distinct O horizons differ markedly in specific
organic substrates that support differentiable microbial communities (Baldrian et al.
2012). The heavily decomposed Oa horizon, enriched in organic acids and soluble
carbon compounds, tends to have more bacteria and mycorrhizae relative to the plantbiomass rich Oe horizon (Baldrian et al. 2012, Baldrian 2017). At Woods Lake, liming
had caused a greater accumulation of C in the Oa horizon than in the Oe (Melvin et al.
2013) (Table 1). We expect that differences in C accumulation between these soil
horizons occur because the effects of liming interact on microbial community structure
and function in the Oe and Oa.
In acidic northern forest soils, fungi typically predominate over bacteria in
mediating the breakdown of persistent OM (Fierer et al. 2009, Žifčáková et al. 2017,
Bahram et al. 2018). Fungal guilds like ectomycorrhizae and saprotrophs play critical
roles in the production of lignocellulolytic enzymes that break down persistent plant
biopolymers (Talbot et al. 2008, Baldrian 2017). Over decadal timescales, soil C
stocks may be particularly sensitive to changes in OM, which is primarily mediated by
oxidative enzymes that breakdown these persistent biopolymers (Sinsabaugh 2010).
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Ectomycorrhizal fungi (ECMF) can account for up to a third of fungal biomass in
many northern forests, and some major ECMF could be inhibited by an increase in pH
(Högberg and Högberg 2002, Carrino-Kyker et al. 2016, Kjøller et al. 2017). Wood
decomposing basidiomycete activity may also be disrupted by increasing pH, as late
stage oxidative decomposition is typically favored by acidic conditions (Baldrian
2008).
Members of dominant bacterial phylogenetic groups like Acidobacteria,
Actinobacteria, and Proteobacteria are also involved in decomposing lignocellulose in
forest O horizons (Wilhelm et al. 2019) and may also be sensitive to changes in pH
(Wilhelm et al. 2017, Crowther et al. 2019). Global patterns suggest that as soil pH
increases, the proportions of Acidobacteria and Alphaproteobacteria decrease in favor
of Actinobacteria and Bacteroidetes (Lauber et al. 2009, Delgado-Baquerizo et al.
2018). Through pH constraints, we hypothesize that liming-induced changes in the
abundance of these key lignocellulolytic bacterial and fungal guilds could explain the
accumulation of persistent C in O horizons.
We took advantage of the striking effects of liming on soil C stocks at the
Woods Lake watershed to seek a better understanding of the microbial mechanisms
driving forest soil C accumulation in acidic northern forest ecosystems. We compared
bacterial and fungal community structure and function between the limed and control
subcatchments across two O horizons. We hypothesized that by increasing pH, liming
fundamentally altered fungal and bacterial community composition, resulting in the
suppression of decomposition enzymes. We expected that suppression of oxidative
decomposition would be most pronounced in the Oa horizon, where the larger
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accumulation of C was observed. Our study is the first to target the underlying
microbial mechanisms for liming-induced C storage in forest soil, offering a
comprehensive account of changes in microbial function (microbial respiration and a
suite of extracellular enzyme activities) and microbial structure (changes in key fungal
and bacterial populations).

Methods
Site Description and Field Sampling
The Experimental Watershed Liming Study is set among the subcatchments of
Woods Lake in the Adirondack Park in Herkimer County, New York (43°52’ N,
74°57’ W). The forest is composed of mixed northern hardwood species including
beech, maple, birch, and spruce (See (Smallidge and Leopold 1995, Melvin et al.
2013), Supplementary Methods for details). In 2009, tree species with ectomycorrhizal
associations comprised 60% of the aboveground biomass of focal study plots with a
slightly higher proportion of ECM trees in the limed (66%) than the control (53%)
subcatchments (Melvin et al. 2013). In October of 1989, a single application of 6.89
tons of CaCO3 ha-1 (2.76 t Ca ha-1) was broadcast by helicopter into two ~50 ha
subcatchments (Driscoll et al. 1996). Two adjacent subcatchments were maintained as
controls. Lime was applied in pellet form with 82% CaCO3, 8% MgCO3, and 4%
organic binder, and 6% inorganic salts and silicates (Driscoll et al. 1996). Before lime
was added, the forest floor O horizon had a mean soil pH in water of 3.7, which rose
to 4.9 and 4.0 in the Oe and Oa horizon respectively two years after liming (Blette and
Newton 1996).
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Following the studies of short-term responses at Woods Lake, the site was not
studied again until twenty years after lime addition in 2009-2010, when Melvin et al.
(2013) measured aboveground biomass, litterfall, litter chemistry, soil C and N stocks,
nitrification and N mineralization rates, root biomass, and soil basal respiration at five
plots in each of the four subcatchments, with plots chosen to capture landscape
heterogeneity while minimizing differences in tree composition, slope, and aspect.
For this study, we collected forest floor material in August 2014, 25 years after
the lime application from the same plots studied by Melvin et al. (2013). We collected
four samples per plot, with each sample composited from three 7 cm diameter cores.
We removed the litter (Oi) layer and then sampled to 10 cm depth, separating the
underlying forest floor into upper, moderately decomposed (Oe; fermenting layer) and
lower, highly decomposed plant material (Oa; humus layer) horizons based on field
visual examination (Schoeneberger et al. 2012). This procedure generated 160
samples: 40 samples for each horizon (Oe and Oa) and treatment (Limed and Control)
pair. Samples were sieved (4 mm) and stored at 4°C before microbial biomass and
respiration measurements, and subsamples for enzyme and microbial community
analyses were stored at -80°C.

Physicochemical analyses
Soil pH was measured on a 1:1 soil to deionized water slurry and soil samples
were analyzed for concentrations of 27 elements including Ca, Fe, K, Mg, Mn, Mo,
Na, P, S, and Zn by ICP-AES. Gravimetric moisture and water holding capacity were
assessed (See Supplementary Methods) to establish incubation conditions.
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Microbial respiration and microbial biomass
We estimated the active microbial biomass carbon (MBC) pool using the
substrate induced respiration (SIR) technique (Fierer et al. 2003). Briefly, autolysed
yeast extract solution was added to three grams dry weight soil in airtight tubes that
were shaken until the microbiological media substrate penetrated the soil matrix. The
headspace was then flushed with CO2-free air and incubated at atmospheric pressure
and room temperature for four hours, and the headspace CO2 was injected into an
infrared gas analyzer (LI- 6200, LI-COR, Lincoln, Nebraska, USA). CO2 flux was
calculated per unit dry weight soil and used to estimate microbial biomass carbon
(MBC).
Microbial respiration was ascertained using a 60-day incubation, where soils
were held at 60% water holding capacity and at 22°C (Bradford et al. 2008). Briefly,
another set of three-gram soil microcosms was prepared and soil CO2 fluxes were
sampled on days 1, 4, 10, 20, 30, 45, and 60 (See Supplementary Methods). To
estimate the cumulative respiration by the microbial biomass in each sample (CRmass),
CO2 flux was calculated per unit SIR-MBC and integrated over 60 days.

Extracellular Enzyme Activity Assays
Potential and biomass-specific activities of extracellular enzymes (EEAs;
descriptions in Table S1) were measured as per Panke-Buisse et al. (2015), which is a
modified protocol based on Saiya-Cork et al. (2002) and German et al. (2011). Seven
hydrolytic enzymes (a-glucosidase (AG), β-xylosidase (BX), β-glucosidase (BG),
cellobiohydrolase (CB), N-acetyl glucosaminidase (NAG), leucine aminopeptidase
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(LAP), and acid phosphatase (AP)) were measured using fluorescently labeled
substrates 4-methylumbelliferone (MUB) and 7-amino-4-methylcoumarin (AMC).
Two oxidative enzymes, polyphenol oxidase (POX) and peroxidase (PER), were
measured spectrophotometrically using L-3,4-dihydroxyphenylalanine as the substrate
(See Supplementary Methods for details). Briefly, soil slurries of 2 g fresh soil and pH
5.0 sodium acetate buffer were added to appropriate substrates in 96-well plates.
Hydrolytic plates with standard wells and sample + substrate wells were incubated in
the dark at 23°C for three hours, and 10 μL of 1.0M NaOH was added to hydrolytic
plates to quench the reaction, after which fluorescence was measured on a microplate
reader (BioTeK). Oxidative enzyme plates included buffer-, substrate-, and sampleblanks in addition to sample + substrate wells, and absorbance was measured at
460 nm after a four-hour incubation. Potential activity was calculated based on
equations from Saiya-Cork et al. (2002) and normalized by MBC (hereby ‘biomassspecific enzyme activity’) to highlight shifts in microbial allocation strategies.

16S rRNA gene and ITS region amplicon sequencing
Whole DNA was extracted from 0.3 g of each soil sample using the PowerMag
Microbiome RNA/DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA,
USA). DNA quantification, PCR, normalization, purification, and sequencing (MiSeq
2 x 250 bp) are described in detail in Supplementary Methods. Briefly, PCR primers
targeted the bacterial/archaeal 16S rRNA gene V4 region (515 F / 806 R) and the
fungal ITS region (modified nBITS2 F / 58A2 R; (Koechli et al. 2019)). Sequences
were demultiplexed, quality processed, and assigned to amplicon sequence variants
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(ASVs) using QIIME2 (Bolyen et al. 2018) with the built-in DADA2 pipeline
(Callahan et al. 2016). Taxonomic classification was done using the QIIME2
Greengenes database for 16S rRNA genes (DeSantis et al. 2006) and the UNITE
database for ITS (Kõljalg et al. 2013). In several cases, the taxonomic classification
provided by Greengenes was updated based on the NCBI taxonomy browser.
FUNGuild was used to assign ITS ASVs to functional guilds based on taxonomic
classification (Nguyen et al. 2016). Following the filtering of contaminants,
singletons, and low abundance doubletons, 94.2% of total 16S rRNA gene sequences
remained (nfiltered = 2,155,006), comprising 2828 bacterial ASVs, and 88.8% of all ITS
sequences remained after filtering (nfiltered = 1,971,460), comprising 3826 fungal ASVs.

Bioinformatic and Statistical Analysis
Statistics were performed using R v 3.1.0, with general dependencies on the
following packages: ggplot2, plyr (Wickham 2009, 2011), and phyloseq (McMurdie
and Holmes 2013). The effect of liming on physicochemical properties, MBC,
respiration, and EEAs was determined using a mixed effects model (lme4; (Bates et al.
2015)) with plot and subcatchment as random effects and elemental variables, MBC,
CRmass, and EEAs as fixed effects. Data were log-transformed when necessary to meet
conditions of normality, and post-hoc comparisons were carried out with Tukey HSD
tests. To compare microbial community composition (i.e. beta-diversity) in limed and
control soils, we used Canonical Correspondence Analysis (CCA) and non-metric
multidimensional scaling (NMDS) on Bray-Curtis distance matrices. A
PERMANOVA test (adonis; vegan) was used to identify which variables explained
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significant proportions of the variation in Bray-Curtis dissimilarities of normalized
ASV count data. Environmental variables were fit to community data using envfit
from the vegan package in R (Oksanen et al. 2007), which included soil horizon, pH,
[Ca2+], EEAs, MBC, CRmass, and the primary axis from a PCoA of 25 element
concentrations. The relative importance of all variables in explaining the primary CCA
axis of bacterial and fungal community composition was decomposed using relaimpo
(Groemping 2006) and corroborated with other methods (boruta and party).
To understand how variation in each of the nine enzymes was linked to
bacterial or fungal community composition, we modeled the relative importance of
EEAs exclusively in explaining the first NMDS axis of bacterial and fungal
community composition using relaimpo. To determine the relationship between
overall soil enzyme profiles and microbial composition, we regressed the first NMDS
axis of enzyme composition (aggregate EEAs) with the first NMDS axis of fungal and
bacterial composition (a measure of beta-diversity) in each sample. Changes in
microbial richness were assessed using multiple alpha-diversity metrics including
observed species, Chao1, and Shannon’s H. Taxa that were strongly associated with
either limed or control sample libraries were identified using indicator species analysis
(indicspecies; (Cáceres and Legendre 2009)) and weighted-linear modeling (limma
and voom; (Ritchie et al. 2015)). P-values were adjusted for false discovery rate
according to the Benjamini-Hochberg method. Correlations between enzyme activities
and microbial richness were assessed using Pearson’s product moment correlation, and
P-values were Bonferroni corrected. We identified the ten most abundant bacterial and
fungal families in the data set and related them to potential enzyme activities and pH
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using Spearman’s rank correlation at multiple thresholds of significance (⍺ = 0.05, ⍺ =
0.001, ⍺ = 0.0005). We report these analyses at the family level under the assumption
that majority member ASVs (ranging from 1-4 ASVs per family) share life history
strategies and approximate functionally coherent groups (Schimel and Schaeffer
2012). These analyses were also performed at multiple levels (phylum, order, genus,
ASV etc.), and we described ASV or genus level associations when they drive patterns
in higher taxonomic levels. We used Tukey HSD tests for post-hoc comparisons
between relative abundances of ASVs in limed and control soils.

Results
Physicochemical impacts of liming
Twenty-five years after liming, the majority of physicochemical soil properties
did not differ significantly from control plots, except for an increase in pH by one unit
averaged across both horizons (F = 58.8, P < 0.001), and the 2.6- and 4.0- fold
increases in Ca concentrations in the Oe and Oa horizons, respectively (Table 1). Mg
concentrations were 42% higher in the Oa horizon of the limed soils (P = 0.04), but no
other changes were observed in soil moisture or Al, Cu, Fe, K, Mn, P, Pb, Zn, or the
16 other elemental concentrations analyzed (Table S2). Melvin et al. (2013) previously
reported that C and N stocks were higher in O horizons of limed soils relative to
control soils (90% and 78% higher respectively), with the greatest accumulations
occurring in the Oa horizon (Table 1).
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Table 1 Soil microbial and chemical response variables (mean ± standard error)
measured in the two forest floor horizons in limed and control watersheds (n = 40).
Within horizon P-values significant at ⍺ = 0.05 are in bold. Other variables
measured are listed in Table S1.
Soil Property

Horizon

P
value
C (Mg/Ha) *
Oe 7.89±1.18
10.4±1.13
0.01
Oa 24.4±4.03
60.6±9.41
0.001
N (Mg/Ha) *
Oe 0.38±0.69
0.49±0.69
0.01
Oa 1.08±0.72
2.46±0.76
0.001
Microbial biomass C (mg C/g soil)
Oe 439±53.2
718±96.1
0.013
Oa
105±3.5
118±7.8
0.579
pH
Oe 4.62±0.1
5.59±0.1
<0.001
Oa
4.38±0
5.36±0.1
<0.001
Ca (mg/kg soil)
Oe 5483±1048 14230±2926 0.044
Oa 3604±734 14502±2279 <0.001
Mg (mg/kg soil)
Oe 460±44.9
687±106
0.066
Oa 333±35.5
475±62.9
0.045
* Treatment averages of data from Melvin et al. (2013)
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Control

Limed

Microbial respiration and extracellular enzyme activity
We observed liming-driven suppression of EEAs and microbial respiration,
providing evidence for a reduced capacity for litter and OM decomposition. Liming
reduced the biomass-specific activity of certain C-active hydrolytic enzymes involved
in cellulose and xylan degradation in the Oe horizon (BG 38% lower, P = 0.01; BX
54% lower, P < 0.001), but cellobiohydrolase (CB) and ⍺-glucosidase (AG) involved
in cellulose and starch degradation were unaffected (Figure 1A). Microbial production
of enzymes for nutrient acquisition was also adversely affected by liming. Biomassspecific activities of enzymes used in N and P acquisition were 35% (LAP) and 48%
(AP) lower in the limed Oe horizons, respectively (P < 0.05) (Figure 1B and 1C).
Liming reduced biomass-specific ligninolytic oxidative enzyme activity by an average
of 45% (P < 0.05) across both horizons. Oxidative enzymes from classes of
peroxidases (PER) and phenol oxidases (POX) showed the largest reductions across
all the enzymes measured (Figure 1D). PER activity was most diminished in the limed
Oa horizon (64% lower; P = 0.01) where C accumulation was greatest, while POX
activity was most diminished in the limed Oe horizon (35% lower; P = 0.04). Overall,
biomass-specific EEAs trended higher in the Oa horizon than in the Oe horizon, and
liming tended to decrease EEAs. Liming did not alter the cumulative amount of C
respired over 60 days, but it did increase the MBC in the Oe horizon (P = 0.013;
Table 1). As a result, the Oe experienced a 27% reduction in cumulative respiration
per gram biomass (CRmass) (P = 0.004) (Figure 1E).
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Figure 1 Liming effect on hydrolytic and oxidative enzymes, and microbial
respiration in the two organic (O) horizons. Differences between treatment means
(±SE) are marked with “*” at significance level ⍺ = 0.05 (nrep = 24). Biomassspecific enzyme activities for (A) C-degrading hydrolases (BG: β-glucosidase, BX:
β-Xylosidase, CB: Cellobiohydrolase), (B) N-degrading enzymes (LAP: Leucine
aminopeptidase, NAG: N-acetyl glucosaminidase), (C) P-acquiring enzymes (AP:
Acid Phosphatase), (D) Oxidative enzymes (PER: Peroxidase, POX: Phenol
Oxidase) and (E) Biomass-specific C respired over 60-day incubation (CRmass).
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Bacterial and fungal community structure response to liming
The structure of soil bacterial and fungal communities was strongly and
consistently different between limed and control soils. Variation in bacterial and
fungal community composition (beta-diversity) was primarily attributable to pH and
soil horizon, which were strongly correlated with the first and second CCA axes
respectively (Figure 2A and 2B). A PERMANOVA (Table S3) showed that horizon
and pH explained the greatest variation in bacterial (12% each) and fungal (7-8%
each) community composition (P < 0.001 each). Ca concentration was ranked highly
among the explanatory variables of the first CCA axis, but it explained a relatively
small percentage of variation in the microbial community (<2%) compared to pH
(Figure 2C and 2D). Fungal composition varied significantly at the plot scale (P <
0.05), displaying a greater degree of heterogeneity across the landscape than was
observed for bacteria (Table S3). A large amount of the variability in bacterial and
fungal community structure remained unexplained (60% and 66%, respectively).
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Figure 2 Liming effect on (A) bacterial and (B) fungal community composition in
the organic horizons as shown by canonical correspondence analysis of samples
from treated and control subcatchments based on Bray-Curtis distances. Variables
measured in these samples were fitted to the ordinations with the arrow length
proportional to the correlation between the variable and the ordination axes.
PERMANOVA test was used to identify variables that explain significant amounts
of variation (ntot = 96). For bacteria, pH and horizon were most important
(P < 0.001), while POX, PER, CB, BX, and SIR were also significant (P < 0.05).
For fungi, pH and horizon were most important (P < 0.001), followed by POX,
PER, LAP, BG (P < 0.05), and SIR, BX, Ca, and plot (P < 0.05). EA, Elemental
Axis1; SIR, microbial biomass C; potential enzymes activities (AP, Acid
Phosphatase; BX, β-Xylosidase; CB, Cellobiohydrolase; LAP, Leucine
aminopeptidase; PER, Peroxidase; POX, Phenol Oxidase). Relative importance of
variables in explaining CCA Axis 1 is given for (C) bacteria and (D) fungi.
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Potential EEAs were strongly correlated with microbial community
composition, more so than soil elemental concentrations. Altogether, potential EEA
explained 14% of variation in the fungal community and 12% in the bacterial
community across all samples (Table S3). The activities of several lignocellulolytic
enzymes (BG, CB, POX, and PER) were significantly associated with fungal (6%) and
bacterial (5%) community composition (P < 0.01 and P < 0.05, respectively).
Oxidative enzymes PER and POX had higher explanatory power in fungal than
bacterial CCA axis 1, while enzymes involved in N- and P- acquisition and xylan
degradation explained more variation in bacterial than fungal CCA axis 1 (Figure 3).
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Figure 3 The relative importance of oxidative and hydrolytic enzymes in
explaining the variation in fungal and bacterial CCA Axis 1. (AG, a-glucosidase;
BG, β-glucosidase; BX, β-Xylosidase; CB, Cellobiohydrolase; LAP, Leucine
aminopeptidase; NAG, N-acetyl glucosaminidase; AP, Acid Phosphatase; PER,
Peroxidase; POX, Phenol Oxidase).
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We determined whether liming-induced variation in fungal and bacterial betadiversity (as determined by NMDS) correlated with differences in pH, CRmass, and
overall EEA. In the Oe horizon, liming-induced changes in fungal beta-diversity
correlated strongly with pH and overall EEAs and correlated inversely with CRmass
(Figure 4). None of these correlations were observed in conjunction with clear liminginduced shifts in bacterial beta-diversity in either horizon, or with fungal betadiversity in the Oa horizon.
Fungal alpha-diversity was strongly positively correlated with pH (observed
species: r = 0.26, P = 0.001; Shannon’s H: r = 0.23, P = 0.005) and limed soils had
significantly more observed fungal species than controls (P = 0.008). Bacterial alphadiversity did not correlate with pH or differ significantly by treatment.
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Figure 4 Spearman correlations between Oe horizon fungal community
composition and (A) pH, (B) Enzyme composition and (C) Biomass-specific C
respired over a 60-day incubation (ntot = 80).
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Liming effects on major fungal and bacterial populations
Liming produced long-term changes in fungal functional guilds, particularly
ECMF, which made up 41% of ITS reads (Figure 5A). The ECMF guild abundance
was significantly lower in the Oe horizon limed soils (P = 0.03), and its decrease in
relative abundance was correlated with increasing pH (Table S4). The fungal
saprotroph guild accounted for 50% of ITS reads and was negatively affected by
liming (P = 0.001) with a significant reduction in the Oe horizon (Figure 5B; P =
0.004). Among saprotrophs, liming reduced abundances of soil saprotrophs overall
(26% of ITS reads; P = 0.02) and the wood-degrading fungi (4% of total reads) in the
Oe horizon (Figure 5C; P = 0.01). Many ASVs within fungal functional guilds
exhibited contrasting responses, but the overall trend was that ECMF and saprotroph
populations were reduced by liming over the long term.
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Figure 5 Liming effect on fungal functional groups identified by FUNGuild. (A)
ectomycorrhizal (41% of reads), (B) all identifiable saprotroph (50% reads) and (C)
wood saprotroph (4% of reads) populations were lower in limed Oe horizons, and
similar trends, though non-significant, were observed in the Oa horizon. Relative
abundance differences between treatment means (±SE) within horizons significant
at ⍺ = 0.05 are marked with “*” (nrep = 40)
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Among the major fungal families responding to liming were Russulaceae,
Piskurozymyceae, Mortierellaceae, and Gloniaceae (Figure S1A; Table S4). The two
most abundant responder ASVs in the dataset, classified to Russula and Amanita
(Basidiomycota; ECMF species), were greatly reduced in limed soils relative to
controls across O horizons (25- and 2- fold lower respectively, P = 0.0004; Figure
S2A). Gloniaceae (Ascomycota) populations were also negatively impacted by liming
in both horizons, driven by trends in four ASVs (70% of Gloniaceae and 2% of ITS
reads) classified to the ECMF genus Cenococcum. Cenococcum ASVs declined by
70% in the Oe horizon and virtually disappeared in the Oa (P < 0.005; Figure 6A).
This contributed to the phylum level suppression of Ascomycota populations in the Oa
horizon in response to liming (Figure S3A). In contrast, liming benefitted certain
fungi like Mortierella ASVs (Mortierellaceae; Zygomycota) in both horizons (3% of
ITS reads; P < 0.0001), and a single hyper-abundant ASV classified to Solicoccozyma
(Piskurozymaceae; Basidiomycota), a common humus yeast, increased by 280% in the
Oa horizon in response to liming (4% of ITS reads; P = 0.00002).
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Figure 6 ASVs with high relative abundance that correlated with ligninolytic
enzyme activity. (A) putative Actinomadura ASVs which accounted for 2.5% of
total bacterial reads and correlated with peroxidase activity (R = 0.35, P < 0.001).
(B) Cenococcum Geophilum ASVs, an ectomycorrhizal ascomycete that accounted
for 2% of fungal reads and correlated with phenol oxidase activity (R = 0.58, P <
0.001). Significant differences at P < 0.05 are marked with ‘*’, P < 0.01 ‘**’, and
P < 0.001 ‘***’, (nrep = 40).
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Among the major bacterial families, members of the Streptosporangiales
(Thermomonosporaceae) and Methylocystaceae declined strongly in response to
liming, correlating negatively with pH in both horizons (Figure S1B and Table S5).
Three closely related ASVs classified to Streptosporangiales (2.4% of 16S reads)
were 60% less abundant in limed plots (P < 0.001; Figure 6B). The closest match for
these ASVs was to the genera Actinoallomurus and Actinomadura (95% similarity NR
044027.1; Figure S4A) and we hereby refer to them as putative Actinomadura. These
declines contributed to the phylum level negative responses by Actinobacteria (Figure
S3). High-abundance ASVs related to Roseiarcus fermentans (52% of
Methylocystaceae reads) also declined in relative abundance with liming. Though not
among the most abundant bacterial families, members of candidate division WPS-2
(30% of WPS-2 reads) showed some of the sharpest declines in relative abundance in
response to liming in both horizons (Figure S2B). At the phylum level, liming
benefitted Proteobacteria populations (Figure S3B) due to increases in three ASVs
most closely related to Stella vacuolata (Rhodospirillaceae; ~91% similarity) and
family level responses in Hyphomicrobiaceae and Bradyrhizobiaceae (Figure S1B).

Correlations between EEAs and microbial taxa
The relative abundance of major fungal and bacterial families and the most
abundant ASVs within them, correlated with EEAs, indicating that changes in
community structure likely altered community function by altering extracellular
enzyme activities. The decline in the ECMF guild populations was associated with the
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decline in N-cycling and oxidative enzyme activity (NAG: r = 0.22, P = 0.03; POX:

r = 0.26, P = 0.01). Within the ECMF guild, four Cenococcum ASVs (70% of
Gloniaceae; ~ 2% of fungal reads) were strongly positively correlated with NAG (r =
0.45, P < 0.0001) and POX (r = 0.59, P < 0.00001) and Russulaceae correlated with
oxidative enzyme activity in the Oa horizon (PER: r = 0. 31, P = 0.04; POX: r = 0.3,
P = 0.04). Phylum Ascomycota abundance was positively correlated with PER activity
in the Oa horizon (r = 0.3, P = 0.01). Declines in the wood saprotroph guild were also
associated with declines in N-cycling and lignocellulolytic enzymes (LAP: r = 0. 56,
P < 0.0001; NAG: r = 0. 39, P < 0.001; BG: r = 0. 24, P = 0.03; POX: r = 0. 48, P
< 0.0001). Among bacteria, declines in putative Actinomadura were significantly
correlated with lower PER activity in both horizons (r = 0.33, P = 0.001), and with
POX activity (r = 0.45, P = 0.002) in the Oa horizon. Correlations between ASV
abundance and EEAs for the most abundant families of bacteria (together 42% of 16S
reads) and fungi (together 26% of ITS reads) are summarized in Table S4 and S5.

Discussion
We sought to define the mechanisms by which soil pH can drive soil C
dynamics in northern forest soils by examining soil microbial community structure
and function in a long-term liming experiment. Twenty-five years after the aerial
liming of two forest subcatchments at Woods Lake, an increase of one pH unit has
resulted in a striking increase in OM stocks in surface horizons. In support of our
hypotheses, microbial community structure differed significantly between control and
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limed subcatchments and correlated strongly with key soil enzyme activities and
microbial respiration (CRmass), which were much reduced by liming. Moreover, certain
microbial guilds and taxa that made up a substantial proportion of the total affected
community were strongly associated with lignocellulolytic enzyme activity, and their
relative abundance was adversely affected by liming. In particular, declines in the
abundance of ECMF, especially family Russulaceae and Cenoccocum spp., correlated
with declines in oxidative enzyme activities. These changes were apparently driven by
pH rather than Ca concentration (Table S4). Taken together, these results provide
strong evidence that long-term changes in pH altered microbial community structure
and function, leading to suppression of decomposition and C accumulation in limed
soils at Woods Lake. Similar mechanisms likely control variation of soil C stocks
across northern forest ecosystems.
As hypothesized, we observed that liming greatly suppressed oxidative enzyme
activity (~45%), which in the long term could explain O horizon C accumulation.
Unlike substrate-specific hydrolytic enzymes, oxidative enzyme activities tend to be
uncorrelated with substrate availability or microbial nutrient demand (Sinsabaugh et
al. 2008, Sinsabaugh 2010). Instead, microbes produce extracellular oxidative
enzymes for many purposes, including defense, the synthesis of secondary compounds
like melanin, and OM decomposition (Sinsabaugh 2010). However, once in the soil
environment, these enzymes oxidize persistent plant and soil C compounds (lignins,
tannins, and aromatic compounds) and are thereby a proximate control over the slow
pools of C that govern forest floor C storage in the long term. Accumulation of C is
often observed when these ligninolytic enzyme activities are diminished, as is
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common in N fertilization studies (DeForest et al. 2004, Frey et al. 2004, Waldrop and
Zak 2006). Studies measuring oxidative enzymes in limed forest soils are few, but in
tundra soils, liming has been shown to lower phenol oxidase activities (Stark et al.
2011). The pH optima of oxidative enzymes typically fall in the acidic range and so an
increase in pH can directly inhibit enzyme activity, but oxidative enzyme activity can
also decline due to feedbacks from pH constraints on plant symbionts or microbial
producers (Sinsabaugh 2010, Frey 2019).
We observed that variation in oxidative enzyme activities were most strongly
associated with variation in fungal community composition, while variation in
hydrolytic enzyme activities were most strongly associated with variation in bacterial
composition. This observation supports the idea that fungi are the principal producers
of oxidative enzymes that decompose lignin and persistent plant polymers, while
bacteria play a secondary role in their production and metabolize the products of these
reactions (Frey et al. 2004, Sinsabaugh 2010, Bugg et al. 2011, Žifčáková et al. 2017).
Taxa and functional groups negatively impacted by liming were clearly
associated with oxidative decomposition. The ECMF community at Woods Lake (41%
of ITS reads) was dominated by Russulaceae, members of which were up to 25-fold
less abundant and members of the ECMF species Cenococcum were 32-fold less
abundant in limed soils at Woods Lake. Russula species have previously been reported
as pH-sensitive, declining in limed and wood-ash treated soils across Nordic spruce
and coniferous forests (Taylor and Finlay 2003, Kjøller et al. 2017). Similarly,
Cenococcum species markedly declined in limed beech and Norway spruce forests in
France (Rineau and Garbaye 2009, Rineau et al. 2010). Both ECMF taxa were
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positively correlated with oxidative enzyme activities in our study (Cenococcum:
POX, Russulaceae: POX and PER). Russula species are capable of producing
cellulases, Mn peroxidases, laccase and polyphenol oxidase (Bödeker et al. 2009,
Keskin et al. 2012, Zhu et al. 2013, Voříšková and Baldrian 2013, Kyaschenko et al.
2017). A recent comparative analysis reported that Cenococcum geophilum encoded
the highest number of genes involved in lignocellulose degradation among ECMF
whose genomes have been sequenced (Peter et al., 2016). In addition, Cenococcum
has been shown to be the main ECM contributor to total root tip enzyme production in
beech and Norway spruce forests (Rineau and Garbaye 2009, Rineau et al. 2010).
According to our analysis, Cenococcum, and its closest sequenced relative (Glonium
stellatum) encode secretion signal-bearing laccases (see Supplementary Methods).
The importance of ECMF as decomposers in forest soils is highlighted by the
fact that declines in N-acquiring and oxidative enzymes correlate with declines in
ECMF abundance. In nutrient-limited systems, ECMF fuel the breakdown of
persistent OM using host derived sugars (Lindahl and Tunlid 2014). However, this
decline in ECMF abundance was not the result of differences in plant host abundance.
That is, the biomass of ECM-forming tree species (Betula, Fagus, and Picea) was
actually greater in the limed than in the control subcatchments (Melvin et al. 2013).
However, it remains unclear whether this response results from direct effects of pH on
these fungi or is mediated by responses of their plant hosts. Plants might be expected
to reduce C allocation to ECMF in situations where liming increases soil nutrient
availability, and nitrification rates in the limed plots exceeded those in the controls
(Melvin et al. 2013). Nevertheless, ECMF diversity is often negatively correlated with
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pH, and the decrease in pH-sensitive taxa with liming (Kjøller and Clemmensen 2009,
Tedersoo et al. 2015) supports our hypothesis about the direct negative impact of
increasing pH. These results highlight that losing key ECMF taxa endemic to a
particular system can inhibit decomposition of lignin and persistent OM.
Sequences of the saprotroph functional guild (50% of ITS reads) also markedly
declined in relative abundance in limed soils. However, the most abundant saprotroph
ASVs from Mortierellaceae actually benefitted from liming. These fungi are known to
be involved in early stages of decay of plant detritus, utilizing more labile organic
compounds and are clearly associated with decomposition of fine roots (Li et al.
2015). Most of the fresh detritus in the Oe horizon is derived from fine roots, which
were about twice as abundant in the Oe of limed relative to control soils (Melvin et al.
2013). Nevertheless, the saprotroph guild level response originated from the bulk of
less abundant wood and soil saprotrophs, suggesting a generalized impairment of
detrital decomposition in limed soils. This observation was supported by our finding
that the decrease in wood saprotroph relative abundance was correlated with decreases
in N-acquiring (LAP, NAG) and lignocellulolytic (POX, PER, BG) enzymes, which is
consistent with the well-established role of many white-rot fungi and some brown-rot
fungi in producing oxidative enzymes (Baldrian 2008b). Wood saprotroph decline has
also been associated with soil C accumulation in N addition experiments (Frey et al.
2004) and is in line with the generalized impairment of saprotrophy and C
accumulation seen at Woods Lake. Whether persistence of decaying wood has
contributed to the accumulation of OM in the forest floor at Woods Lake deserves
further study.
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Proteobacteria (especially Alphaproteobacteria), Actinobacteria, and
Acidobacteria were the dominant phyla at Woods Lake. While the relative abundances
of these phyla trend with pH gradients across ecosystems, individual taxa within them
often have contrasting pH preferences (Lauber et al. 2009, Delgado-Baquerizo et al.
2018). Acidobacteria declined in response to liming, as expected, largely due to
declines in unclassified members of the Acidobacteriales like Ellin6513 and
Koribacteraceae from Acidobacteria subdivision 1, which predominates in acidic
environments (Sait et al. 2006). Alphaproteobacteria, in particular, tended to increase
in limed soils and this result was due to increases in the abundance of unclassified
Rhodospirillaceae ASVs. Rhodospirillaceae are a functionally diverse group and little
is known about the ecology of these unclassified ASVs beyond their association with
alkaline soils (Delgado-Baquerizo et al. 2018).
Contrary to expectation, Actinobacteria as defined at the phylum level did not
increase in response to liming. This outcome was a result of major declines in putative
Actinomadura ASVs in response to liming. These ASVs are closely related to grampositive mycelia-forming genera Actinoallomurus and Actinomadura, which grow at
moderately acidic pH (4-5.5) (Lee and Hwang 2002, Pozzi et al. 2019).
Actinoallomurus, known to associate with ectomycorrhizal roots, are a recently
classified genus related to Actinomadura (Tamura et al. 2009, Sakoda et al. 2019).
Frostegård et al. (1993) found that in limed coniferous soils, bacterial communities
shifted away from gram-positive taxa towards more gram-negative taxa. Declines in
these putative Actinomadura correlated with decreases in oxidative enzyme activity
across horizons, particularly for peroxidase. Actinobacteria are known to be a rich
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reservoir of extracellular and lignin peroxidases, and Actinomycetales are speculated
to oxidize persistent plant polymers, making them plausibly important bacterial
decomposers in the system (Kirby 2005, Roes-Hill et al. 2011). Actinomadura are
capable of decomposing xylan, cellulose, and lignin, like many members of
Actinobacteria (Mason et al. 1988, Zimmermann and Broda 1989, Holtz et al. 1991,
Schellenberger et al. 2009, Verastegui et al. 2014, Yin et al. 2018). We also identified
secretion signal-bearing laccase in the majority of publicly available Actinomadura
genomes (28 / 67 genomes), supporting their capability to catalyze extracellular
oxidative processes. Oxidative breakdown of persistent C is thought to be a “narrow”
process limited to certain groups of microbes that control the fate of C (McGuire et al.
2010, Schimel and Schaeffer 2012). Our results suggest that liming caused a relative
decline in fitness of key decomposer species resulting in C accumulation in O horizon
limed soils.
We showed that liming, by modifying pH, caused major shifts in microbial
community composition. Soil pH has been identified as a master variable that explains
microbial community composition in soils, often having stronger impacts than OM
content and quality across many studies (Fierer 2017). The increase in pH had
permeated deeper into the Oa horizon after 25 years, and the one-unit pH change was
an order of magnitude more influential in altering microbial community composition
than the increase in Ca concentrations from liming. The Ca response reflects the effect
of detrital recycling of Ca, because any residual lime is now located beneath the forest
floor layers that we sampled (R. Newton, personal communication).
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At Woods Lake, liming wholly restructured the fungal community, altering
beta-diversity between limed and control soils and increasing alpha-diversity. Liming
has been reported to shift fungal communities in forest, agricultural, and grassland
experiments, though without increasing their species richness (Bååth et al. 1995,
Rousk et al. 2010, Cassman et al. 2016, Cruz-Paredes et al. 2017). The observation of
an increase in fungal alpha-diversity with pH at Woods Lake was likely an artifact of a
change in community evenness, whereby ASVs that were dominant under acidic
conditions yielded to a proliferation of neutrophilic species (including yeasts and
parasitic fungi) in response to liming. The notable large increase in neutrophilic
species of Solicoccozyma, a psychrotolerant humus-layer yeast, in the limed Oa could
reflect the pH tolerance of these species or a change in substrate availability, since the
solubility of DOC increases with pH in acidic O horizons (Evans et al. 2012)
Our expectation that oxidative decomposition would be most suppressed in the
Oa horizon was supported, and this suppression likely accounts for much of the
doubling of C stocks that occurred in the Oa horizon of limed soils. In this horizon,
peroxidase activity decreased 64% in response to liming, which correlated with
diminished relative abundances of important groups including wood saprotrophs,
Russulaceae, and Streptosporangiales. However, most other C-cycle responses were
limited to the Oe horizon, including increases in MBC and reduction of microbial
respiration, glucosidase, xylosidase, and phenol oxidase activity. The tight connection
between pH, fungal beta-diversity, CRmass, and EEAs in the Oe horizon suggests that
the impacts of liming on fungal community composition was responsible for
suppression of decomposition in this plant detritus-enriched horizon. Enzymes
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involved in P and N acquisition (AP and LAP) were also diminished in the limed Oe
horizons, potentially reflecting a tightening of the N cycle and P limitation in this
relatively labile C rich horizon that has been reported in other liming studies (Illmer
and Schinner 1991, DeForest et al. 2011, Groffman and Fisk 2011, Carrino-Kyker et
al. 2012). The differential impacts of liming on EEAs between horizons may also
reflect the quality and quantity of substrates available, but they point overall to
impairment of function at many stages of decomposition.
Among ecosystems that have been limed, forest C stocks show especially
divergent responses (Paradelo et al. 2015). Soil heterotrophic respiration rates
increased at many limed forests, thereby depleting O horizon C stocks (Persson et al.
1995, Andersson and Nilsson 2001, Lundström et al. 2003). In contrast, at Woods
Lake no effect on CO2 efflux was observed one year after application, and a
suppression of respiration was observed 20 years later (Yavitt et al. 1995, Melvin et al.
2013), which is in line with the decreased biomass-specific respiration we observed.
Accumulation of O horizon C stocks after liming could be explained by changes in
microbial community structure and function, or by increased above or belowground C
inputs, altered root distribution, and physicochemical stabilization of C though Ca-OM
cation bridging (Derome 1990, Park et al. 2008, Mouvenchery et al. 2011, Srámek et
al. 2012, Melvin et al. 2013).
Although we cannot discount the possibility that some of these alternate
mechanisms contribute to the liming induced suppression of decomposition at Woods
Lake, we show a strong correlation between microbial community composition and
oxidative enzyme activity and this result suggests that changes in microbial
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community structure and function drive C accrual. This study demonstrates one way in
which altering a master variable can link microbial structure with ecosystem functions
that control the fate of C in longer timescales. We highlight the possibility that pHsensitive dominant decomposers may be endemic to acidic forest systems, which has
implications for the recovery of forests impacted by acid deposition, as well as the
effects of land-use and climate change on soil C storage.
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CHAPTER 2

WATERSHED LIMING EXPERIMENTS REVEAL SHORT- AND LONG-TERM
PH-DRIVEN CHANGES SOIL MICROBIAL COMMUNITY COMPOSITION AND
CARBON CYCLING AFTER 2 AND 25 YEARS

Abstract
Soil pH is one of the best predictors of microbial community structure and
function, and large-scale, long-term changes in soil pH resulting from anthropogenic
activity are expected to significantly alter ecosystem functions. Here, we characterized
the response of the microbial community in northern hardwood forest soils at two
watershed-scale liming experiments conducted 2 years (short-term) and 25 years
(long-term) earlier. Samples were collected post-liming at the long-term site and both
pre- and post-liming at the short-term site, from the Oe and Oa soil horizons in both
limed and control plots. Microbial structure was assayed with 16S rRNA gene and ITS
region amplicon sequencing, together with measurements of microbial biomass and
activity. Liming increased organic horizon pH by one unit at both the short- and longterm sites and reduced microbial biomass-specific respiration by 75% at the short-term
site and 28% at the long-term site. In addition, liming was associated with significant
accumulation of soil organic carbon, which doubled at the long-term site. Bacterial
and fungal community composition changed significantly within two years after
liming, and these shifts were amplified over the long-term. The majority of taxa
(73%), whose relative abundance was either enhanced or suppressed in response to
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liming at the long-term site had a similar response in the short-term. Liming reduced
the abundance of dominant ectomycorrhizal fungi including Amanita, Russula, and
Cenococcum, suggesting direct pH-driven negative responses. Long-term negative
responses to liming were observed in actinomycetes related to Actinomadura spp.,
which taken together with the fungal responses at the long-term site, may have driven
forest floor C accumulation. We show that liming can have both rapid and lasting pHdriven effects on microbial community structure, and that these changes are likely to
alter community function with respect to the forest soil C cycle.
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Introduction
Soil pH is often the principal variable determining the differences in microbial
community composition based on observational surveys of bacterial and fungal
communities from across the globe and continental gradients spanning multiple
ecosystem (Fierer et al. 2012, Bartram et al. 2014, Tedersoo et al. 2015, DelgadoBaquerizo et al. 2018, Tripathi et al. 2018). This influence of soil pH appears to
override major differences in other soil physicochemical properties, vegetation, and
climate. Similarly, pH is commonly the best predictor of microbial community
composition in studies of land use change, despite broad changes in soil properties,
including the consequences of deforestation or nitrogen deposition (Fierer et al. 2012a,
Crowther et al. 2014, McGuire et al. 2015). Soil pH can directly influence microbial
community structure because pH has a direct impact on microbial growth rates, with
each species having an optimal pH range. Alternatively, pH may be a variable that
summarizes a suite of other variables, that in turn influence microbial community
composition (Fierer and Jackson 2006). Experimental manipulations of pH can control
for some of the variables that confound gradient studies like ecosystem state factors,
including plant species composition or soil age. The direct effects of changing pH
include altering the charge, reactivity, and types of bonds formed amongst organic and
mineral molecules, nutrient availability, cation exchange capacity, metal toxicity, and
other constraints on plant and microbial growth (Deng and Dixon 2018, Rasmussen et
al. 2018). Over the long term, these direct changes can drive indirect changes in the
microbial community composition through plant-soil feedbacks including changes in
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plant species composition, litter chemistry, rooting depth, and belowground C
allocation.
Experimental pH manipulations using liming agents have been conducted in
temperate forest systems, many of which have a legacy of acid deposition resulting
from industrial activities, especially during the 20th century in North America and
Europe and early 21st century in east Asia (Vet et al. 2014). However, the effects of
these pH manipulations on soil microbial communities, especially across time-scales,
remain poorly described (Reid and Watmough 2014). Changes to critical microbiallymediated ecosystem functions like carbon (C) storage may only become apparent at
longer time-scales (Schimel and Schaeffer 2012). In one such long-term forest
experiment on naturally acidic Spodosols of the Adirondacks, NY, liming radically
changed microbial community composition and resulted in large accumulations of
forest floor C stocks (Melvin et al. 2013, Sridhar et al. Ch1). After 25 years, liming
continues to reduce microbial respiration and extracellular enzyme activities
associated with decomposition (Sridhar et al. Ch1). In particular, liming reduced
oxidative enzyme activities, which correlated with the loss of dominant
ectomycorrhizae (including Russula and Cenococcum), saprotrophs, wood decay
fungi, and bacteria related to genus Actinomadura (Sridhar et al. Ch1). These changes
in long-term microbial community composition corresponded with pH increase more
so than Ca concentration, which also increases with liming (Sridhar et al. Ch1).
Discerning the direct influence of pH on microbial communities in situ requires an
experimental design that is able to distinguish immediate impacts of altering pH from
those that might occur after ecosystem feedbacks affecting soil pH.
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We studied the effects of raising pH on soil microbial communities at two
watershed liming experiments roughly 40 km apart to identify short-term (2 year,
Honnedaga Lake) and long-term (25 year, Woods Lake) responses. We assessed
changes in microbial respiration and bacterial and fungal community composition at
both sites. At Honnedaga Lake, the short-term site, we also measured pre-treatment
microbial community composition to assess the impact of liming on microbial shifts
against pre-existing differences. Liming raised the pH of forest floor horizons at both
short- and long-term experimental sites by one unit on average. We hypothesized that
if microbial community composition is largely governed by direct effects of pH on
microbial physiology, then changes in microbial composition and activity would be
apparent within two years. Alternatively, or in addition, if microbial community
composition is governed by indirect pH pathways mediated by plant-soil feedbacks,
then we expected to see the magnitude of responses in the microbial community
increase over time. We expected that most of the microbial taxa would have a
consistent directional response to increasing pH across these studies, and we
highlighted such pH-sensitive taxa whose loss might explain reduced microbial
activity and the accumulation of soil organic C at the long-term site. Our work
contributes understanding to long-term ecological research and to identifying
ecological and functional responses of pH-sensitive microbial communities in natural
settings in relation to soil C-cycling.
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Methods
Site Description and Field Sampling
The two sites in this study are located 38 km apart within the Adirondack Park
in Herkimer County, NY (MAT 5.28, MAP 1230 mm) with similar climate, forest
composition (mixed northern hardwoods), parent material (hornblende granitic
gneiss), and soil order (Orthod Spodosols). At the short-term site, the liming
experiment at Honnedaga Lake (43°31’ N, 74°51’ W), one 30 ha subcatchment was
limed by helicopter application of 5 tons ha-1 of pelletized CaCO3 (2 t Ca ha-1) in
October 2013 following leaf drop. One adjacent subcatchment was maintained as a
control. The long-term liming site is located at Woods Lake ( 43°52’ N, 74°57’ W),
where 6.89 tons of CaCO3 ha-1 (2.76 t Ca ha-1) were applied by helicopter to two ~50
ha subcatchments; two additional subcatchments were maintained as controls (Driscoll
et al. 1996). At both sites the dominant tree species are American beech (Fagus
grandifolia), red maple (Acer rubrum), and yellow birch (Betula alleghaniensis) with
some red spruce (Picea rubens), sugar maple (Acer saccharum), and striped maple
(Acer pensylvanicum) (Smallidge and Leopold 1995), red spruce being slightly more
common at Honnedaga Lake. We hereby refer to Honnedaga Lake as the short-term
site and Woods Lake as the long-term site.
At the short-term site, soils were collected immediately prior to liming
(October 2013) and two years post liming (October 2015). At the long-term site, soil
collection was conducted in August 2014, 25 years after liming. In each of the limed
and control subcatchments at both sites, 4-5 composite 7 cm diameter soil cores,
spanning two organic horizons, were taken from each of five plots. We first removed
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the top litter layer then sampled to a depth of 10 cm, separating the underlying forest
floor into upper, moderately decomposed (Oe; fermentation layer) and lower, highly
decomposed plant material (Oa; humus layer) horizons based on field visual
examination (Schoeneberger et al. 2012). This procedure yielded 160 samples (all post
liming) from the long-term site and 200 samples (100 each pre and post liming) from
the short-term site. Soils were collected in Ziplock bags and transported on ice back to
Cornell University where they were kept at 4°C prior to sieving (4 mm) to remove
coarse roots and stones, and immediately assayed for microbial biomass and
respiration as described below. Subsamples were stored at -80°C for DNA extraction
to assess microbial community composition.

Soil microbial biomass and activity
Soil pH was measured on a 1:1 soil to deionized water slurry following 10 min
of equilibration using an Accumet basic AB15 pH meter with a flushable junction soil
probe. Gravimetric moisture and water holding capacity were determined on 2 g fieldmoist subsamples for conversion to dry mass and to control for moisture in the
following lab assays.
We assessed microbial respiration relative to the microbial biomass present in
each sample as follows. Respiration was measured during a 60-day incubation with
samples held at 60% water holding capacity and at 22°C (Bradford et al. 2008). Three
grams dry weight soil was measured into 50 ml centrifuge tubes with caps modified to
have airtight septum lids. The headspace of each centrifuge tube was flushed with
CO2–free air and incubated for 15 hours at ambient atmospheric pressure and at 22°C.
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The concentration of headspace CO2 was measured after the incubation period by
extracting 2 ml from the headspace and analyzing with an infrared gas analyzer (LI6200, LI-COR, Lincoln, Nebraska, USA). The CO2 flux was then calculated both per
gram dry weight soil per hour and per unit SIR microbial biomass (see below). This
procedure was conducted on day 1 of the incubation and repeated on days 5, 10, 20,
30, 45, and 60. Specific CO2 flux was interpolated between these days and summed to
yield the cumulative C respired (CRmass) over the entire 60 day assay by the microbial
biomass in each sample.
Microbial biomass C was estimated using the substrate induced respiration
(SIR) technique (Fierer et al. 2003). Another set of 50 ml centrifuge microcosms were
prepared with 3 g of pre-incubated (at 22°C) dry weight soil. Four milliliters of
autolysed yeast extract solution were added to tubes and shaken on a desktop shaker
for 2 hours to allow the microbiological media substrate to penetrate the soil matrix
and become biologically available. The headspace of each centrifuge tube was then
flushed with CO2-free air and incubated at atmospheric pressure and room temperature
for 4 hours. Finally, maximum CO2 flux was calculated by measuring the CO2
headspace concentration as described above. Maximum CO2 flux was converted into
microbial biomass C (Anderson and Domsch 1978). Microbial biomass estimates were
used to normalize cumulative respiration as described above.
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Fungal and Bacterial sequencing
Total DNA was extracted from each soil sample using the 96 well PowerMag
Microbiome RNA/DNA Isolation Kit using 0.3 g fresh soil (MO BIO Laboratories,
Inc., Carlsbad, CA, USA). DNA quantification was performed with Picogreen as per
the manufacturer’s protocol (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Amplicon libraries were prepared for the 16S rRNA gene (V4; 515F / 806R) and the
internal transcribed spacer (ITS1; nBITSf / 58A2r; (Koechli et al. 2019)) regions. PCR
was performed in triplicate using dual-indexed, custom barcoded libraries as described
by Kozich et al. (2013). Amplicon libraries were pooled and normalized using
SequalPrep Normalization Plates (Applied Biosystems, Norwalk, CT), and sequenced
at the Cornell Life Sciences Sequencing Core using an Illumina MiSeq platform (V2;
2 x 250 bp).

Sequence Processing, Bioinformatics, and Statistical Analyses
Amplicon libraries were quality processed using QIIME2 (Bolyen et al. 2018)
and assigned to amplicon sequence variants (ASVs) using DADA2 (Callahan et al.
2016). Substitutions and chimeric errors were removed from demultiplexed reads, and
exact amplicon sequence variant (ASV) abundances were identified for each sample.
Taxonomy was assigned using the RDP naïve Bayesian classifier, and genus-species
were assigned using exact sequence matching as per Sridhar et al. (Ch1).
The effect of liming and the effect of sampling time were determined using
mixed effects models (R package lme4) with plot and subcatchment as random effects
and elemental variables, microbial biomass C, and CRmass as fixed effects, which were
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log transformed when necessary to address the assumption of normality. To compare
short- vs. long-term microbial community responses to liming, we combined 16S and
ITS libraries from Honnedaga Lake and Woods Lake. Indicator species analysis (R
package indicspecies) was used to identify statistically significant responder ASVs,
and linear modeling (R packages limma, voom, and edgeR) was used to identify the
direction of response. ASVs that had a response ratio >10 were considered to be
“strong” responders. False discovery rate adjustment was done using the BenjaminiHochberg method. To test the effect of liming on community composition, we
modeled Bray-Curtis distance matrices as a function of treatment, horizon, plot, and
subcatchment using PERMANOVA in vegan (adonis) (Oksanen et al. 2007). Nonmetric multidimensional scaling (NMDS) ordinations and diversity metrics were
calculated using phyloseq (McMurdie and Holmes 2013). To assess whether the effect
of liming was stronger at the short-term site or the long-term site in each horizon, we
compared R statistics in an Analysis of Similarities (ANOSIM). FUNGuild was used
to assign functional guilds based on fungal taxonomic classification (Nguyen et al.
2016). All ASV counts were normalized to counts per thousand reads, except for
calculations of richness, where samples were rarefied to the smallest sample.

Results
Soil pH and microbial activity
Prior to liming forest floor pH did not differ between the control and limed
subcatchments at the short-term (2-year) site (P ³ 0.1) (Figure 1A). After liming, pH
increased by one unit on average across horizons with marked increases relative to
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Figure 1 Mean ± SE (A) pH and (B) Cumulative biomass-specific respiration over
60 days from short-term site (pre-treatment and 2 years after liming) and long-term
site (25 years after liming) summarized by horizon. Significant pairwise differences
within time-scale and horizon groupings are denoted by lettering (Tukey HSD; ‘*’
Padj ≤ 0.05, ‘**’ Padj ≤ 0.01, ‘***’ Padj ≤ 0.001).
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control plots in the Oe horizon (3.9 to 5.5, P < 0.0001) and modest increases in the Oa
horizon (3.6 to 3.9, P = 0.011) (Figure 1A). At the long-term (25-year) site, soil pH
was also one unit higher in limed soils on average, although the response occurred
more uniformly in both horizons (both P < 0.0001, Figure 1A). Extractable Ca
concentration at the long-term site was approximately 3 times higher in limed soils
than controls, primarily due to plant recycling of added Ca through detrital pathways
(Sridhar et al. Ch1). Microbial biomass C at the short-term site was substantially larger
in the limed Oe horizon relative to controls (P < 0.0001) (Figure S1), yet cumulative
C respired by the microbial biomass (CRmass) was 75% lower in limed plots (P <
0.0001) (Figure 1B). This pattern also occurred at the long-term site where CRmass was
28% lower in limed Oe soils relative to controls (P = 0.029). Changes in microbial
biomass and C mineralization were not observed in any of the Oa horizons, indicating
that microbial biomass and respiration in this well decomposed organic horizon were
insensitive to the modest increases in pH.

The effects of liming on microbial community composition and diversity
Prior treatment, spatial heterogeneity caused differences in microbial
community composition between control and limed subcatchments at the short-term
site (Table S1), but no pre-treatment differences in Shannon diversity were observed.
At the short-term site, bacterial communities increased in Shannon diversity when
sampled again after treatment in both the control and limed plots, indicating temporal
heterogeneity (P < 0.001). In contrast, fungal Shannon diversity did not vary across
sampling time points at the short-term site. Despite the spatial and temporal
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heterogeneity, statistical models controlling for variation due to sampling time and
pre-treatment community composition detected large and significant changes in
community composition due to liming at the short-term site, as described in the
paragraph below.
Liming caused an early and persistent restructuring of bacterial and fungal
communities in the short- and long-term (Figure 2). At the short-term site, a
significant proportion of variation in community composition was attributed to liming,
while the effect of pH on microbial community composition was larger at the longterm site (Table S2). In the Oe horizon, differences in microbial community
composition between limed and control soils were greater at the long-term site than at
the short-term site for both fungi (RANOSIM = 0.16 vs. RANOSIM = 0.75) and bacteria
(RANOSIM = 0.07 vs. RANOSIM = 0.22; Table S3). Liming-induced differences in
community composition were absent in the Oa horizon at the short-term site but were
well developed at the long-term site (Table S3). At the long-term site, limed
communities were as different from control communities as Oe horizon communities
were from Oa horizon (Table S2). However, no liming-induced differences in
diversity (Shannon) for bacterial or fungal communities were observed at either site.
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Figure 2 NMDS ordinations based on Bray-Curtis distances of bacterial and fungal
composition in short-term (2 years after liming) and long-term (25 years after
liming) sites. Ellipses represent 95% confidence that samples from the respective
treatments fall within that region. Sample points are fractions coded by treatment
and horizon, with pre-treatment samples in grey.
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A total of 554 bacterial and 515 fungal ASVs were identified as significantly
responding either positively or negatively to liming at both sites, based on their
relative abundance in limed versus control soils (strong responders summarized in
Table S4). Among bacteria, the responses to liming were often phylogenetically
conserved (Figure 3). A higher proportion of all ASVs responded to liming at the
short-term site (70%) than at the long-term site (30%), indicating that liming induces
rapid changes in community composition (Figure 4A). However, while fewer ASVs
responded at the long-term site, those that did responded much more strongly,
suggesting enrichment over time (Figure 4B). Fewer ASVs responded to liming in the
Oa horizon relative to the Oe horizon at both sites.

Short- vs. long-term ecological response by microbial community
Liming reduced the relative abundance of taxa associated with acidic
environments, such as members of Acidobacteria and WPS-2 in both the short- and
long-term, indicating a direct pH effect (Figure S2). Of ASVs that responded strongly
at the long-term site, 73% also responded similarly at the short-term site. Among
these, ectomycorrhizal fungi (ECMF) were the most abundant and functionally
important group to exhibit an immediate and sustained negative response to liming
with previously dominant ASVs Amanita, Russula, and Cenococcum reduced in
relative abundance (Figure 4C and Figure S3). As a phylum, Ascomycota responded
negatively to liming in both the short- and long-term, particularly in the Oa horizon
(Figure S4). Members of the Rhizobiales were generally favored by liming in the Oe
horizon, particularly a single Bradyrhizobium phylotype at the long-term site, as well
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Figure 3 Phylogenetic distribution of bacterial responders to liming revealing
clades that increased (yellow) or decreased (pink) in limed soils relative to controls
across organic soil horizons.
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as ASVs of Labrys, Devosia, and Mesorhizobium (Figure S5). Some members of
Bacteroidetes, Planctomycetes, and Proteobacteria were favored by liming at the
short- and long-term sites (Figure S6). While the most prevalent actinobacterial taxa
(putative Actinomadura spp.; see below) decreased in relative abundance in limed
soils over the long-term, certain other Actinobacteria were positively affected in the
short- and long-term, namely Micromonosporaceae, Streptosporangiaceae,
Frankiaceae, Kineosporiaceae, and Nocardioidaceae.
Transient responses of some fungi were also observed; for example, certain
ECMF ASVs, like Laccaria and Tuber (Figure S3), and several members of
Sordariales from well-known families of decomposers (Lasiosphaeriaceae and
Chaetomiaceae) (Figure 4D) all benefitted from liming at the short-term site, but not
at the long-term site. The greatest effect of liming on individual populations occurred
only over the long-term, as populations of unclassified Methylocystaceae and
Actinomycetales, were reduced from ~4% and ~20% of total sequences in control plots
to ~1% and ~12% in limed soils, respectively (Figure 4EF). The closest documented
relatives to the unclassified Methylocystaceae were mainly Roseiarcus fermentans
(97-99% similar to type strain; NR_134158.1) and Methylovirgula ligni (100%;
NR_044611.1), and for Actinomycetales the best matches were to Actinoallomurus
vinaceus (96%; NR_113559.1) and Actinomadura cellulosilytica (95%;
NR_136828.2). We hereby refer to these Actinomycetales ASVs as putative
Actinomadura.
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Figure 4 Summary of (A) the percentage of microbial responders to liming by
horizon and site and (B) the magnitude of their response given by response ratio.
(C) Ectomycorrhizal populations (classified as using FUNGuild) decreased with
liming in both short-term (2 years) and long-term (25 years) sites, while others
showed responses that were either transient (D) or took decades to manifest (E and
F). Significant pairwise differences within time-scale and horizon groupings are
denoted by lettering (Tukey HSD; ‘*’ Padj ≤ 0.05, ‘**’ Padj ≤ 0.01, ‘***’ Padj ≤
0.001).
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Figure 4 (Continued)
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Discussion
Twenty-five years after liming at Woods Lake, soil C accumulation was
associated with the loss of potentially important decomposers and marked shifts in
bacterial and fungal communities, primarily driven by changes in pH (Sridhar et al.
Ch1). These findings led us to question whether the microbial responses were due to a
direct effect of pH or indirect plant-soil feedbacks to increasing pH that manifested
over time. Here, we compared pre- and two years post-liming measurements at a
short-term liming experiment to reveal similar microbial responses in many
decomposer taxa seen at the long-term site. Major changes in microbial community
composition and activity were apparent within two years after liming, supporting our
hypothesis that microbial community composition is largely governed by the direct
effects of pH on microbial physiology. Overall shifts in microbial community
composition at the short-term site occurred in the limed Oe horizon, and no such shifts
were observed in the Oa horizon where liming had only a limited impact on soil pH. In
addition, we also demonstrated that the magnitude of microbial shifts and responses to
liming increased over time, supporting the role of indirect pH effects. Evidence for
this observation came from the larger aggregate shifts in microbial community
composition and the 2.5-fold higher average response ratio of responder ASVs at the
long-term site compared to the short-term site. The majority of taxa affected by liming
at the long-term site had the same directional response at the short-term site. Bacterial
and fungal populations that were affected either positively or negatively at the longterm site, like ectomycorrhizae, Ascomycota, WPS-2, certain members of Rhizobiales,
Bacteroidetes, and Protobacteria, which exhibited a similar response at the short-term
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site, indicated that they are likely governed by the direct effects of pH. In addition, we
showed that in bacteria responses to changing pH are often phylogenetically
conserved. However, a few important long-term responders, such as members of
Methylocystaceae and Actinomycetales, did not respond in the short-term, indicating
that they responded to ecosystem feedbacks of increasing pH rather than direct pH
effects.
Here we also showed that limed microbial communities respire less C per gram
microbial biomass in the short-term and long-term, though the effect was greater in the
short-term, indicating a pulsed response of microbial activity (Figure 1). The increased
pH in limed soils typically increases microbial biomass, and similar increases have
been observed as soon as two years after liming in German forests (Bååth and
Arnebrant 1994, Persson et al. 1995, Anderson 1998, Nilsson et al. 2001, Lundström
et al. 2003). Contrary to our results, liming also typically increases microbial
respiration in other liming studies (Lundström et al. 2003). However, the short- and
long-term responses of microbial respiration in our study are concordant with other
findings at the long-term site where lower rates of soil basal respiration and
extracellular enzyme activities were observed, (Melvin et al. 2013, Sridhar et al. Ch1).
This suggests that in the long run, a liming-induced restructuring of the community
might exclude important decomposers in these naturally acidic Adirondack soils.
Liming produced pH-driven changes in several fungal groups that have
ecosystem functions relating to C cycling. Guild-level long- and short-term effects
were observed for ectomycorrhizal fungi, which can decompose organic matter while
mining for nutrients (Lindahl and Tunlid 2014). Russula (Basidiomycota) is the most
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abundant ectomycorrhizal fungal responder in these forest soils, and their reduction in
the short-term parallels observations at the long-term site where a dominant Russula
ASV was ~25 times less abundant in limed soils (Sridhar et al. Ch1). These reductions
were strongly correlated with reductions in phenol oxidase and peroxidase enzyme
activities (Sridhar et al. Ch1). Since Russula spp. are capable of producing cellulases
and Mn peroxidases (Bödeker et al. 2009, Voříšková and Baldrian 2013, Kyaschenko
et al. 2017), they are likely important degraders of persistent organic matter in these
forests. Furthermore, the magnitude of change in the ectomycorrhizal genus
Cenococcum at the short-term site was mirrored at the long-term site, where some
Cenococcum ASVs were 32 times less abundant (Sridhar et al. Ch1). Cenococcum
spp. are some of the most commonly encountered tree root symbionts, and members
are capable of producing a wide range of lignocellulolytic enzymes (Peter et al. 2016).
Cenococcum population reductions also correlated with decreases in phenol oxidase
activity at the long-term site (Sridhar et al. Ch1). Russula and Cenococcum also
decreased with liming in beech and Norway spruce forests in France, Germany, and
Sweden (Agerer et al. 1998, Rineau and Garbaye 2009, Kjøller and Clemmensen
2009, Rineau et al. 2010). Changes in ectomycorrhizal host abundance likely did not
explain these reductions in ECMF, since at the long-term site, the combined
aboveground biomass of ECM tree species (Betula, Fagus, and Picea) was higher in
limed plots relative to controls (Melvin et al. 2013). This observation, in combination
with the short-term ectomycorrhizal fungal response reveals that pH directly impacts
the prevalence of ectomycorrhizal fungi. While hosts can alter their C allocation to
mycorrhizae in less than a year (Juice et al. 2006), we did not observe short-term
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changes in ectomycorrhizal relative abundances in the Oa horizon after two years, and
this suggests that these fungi respond directly to a change in pH rather than indirectly
to changes in stand-scale belowground C allocation. The phylum-level fungal
responses we observed at the short- and long-term sites appear to signal broad shifts in
ecosystem function. The reduction in abundance of Ascomycota, whose members
often dominate the utilization of plant biomass in the early stages of litter
decomposition (Voříšková and Baldrian 2013, López-Mondéjar et al. 2018), could
ultimately alter the fate of soil organic C in these forests.
Liming also produced pH-driven changes in several bacterial groups involved
in soil C cycling. The putative Actinomadura spp. were among the strongest
responders in the dataset. However, their negative response to liming did not develop
in the short-term site, which suggests that pH affects their populations indirectly.
Cultivated relatives Actinoallomurus and Actinomadura spp. are gram-positive and
form branched mycelia (Pozzi et al. 2019). Actinoallomurus, known to associate with
ectomycorrhizal roots, are a recently classified genus related to Actinomadura
(Tamura et al. 2009, Sakoda et al. 2019). Actinomadura are capable of decomposing
xylan, cellulose, and lignin, like many members of Actinobacteria (Mason et al. 1988,
Zimmermann and Broda 1989, Holtz et al. 1991, Schellenberger et al. 2009,
Verastegui et al. 2014, Yin et al. 2018). The abundance of these putative
Actinomadura ASVs at the long-term site are positively correlated with oxidative
enzyme activity (Sridhar et al. Ch1), further linking them to the fate of organic C in
these forest soils. Methylovirgula spp., which are aerobic, acidophilic, gram-negative
bacteria from family Methylocystaceae (Vorob’ev et al. 2009) and capable of
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methylotrophy, were also strongly negatively impacted by liming in the long-term.
More direct pH-driven changes were observed in members of Bacteroidetes,
Planctomycetes, and Deltaproteobacteria, which responded positively to liming and
are relatively more abundant in the Oe horizon. These ASVs were shown to be
assimilators of xylan, lignin, and cellulose in stable isotope probing experiments
(Eichorst and Kuske 2012, Wilhelm et al. 2019). We show that exact sequence
matches for these ASVs were associated with cellulose and xylose degradation in data
from a stable isotope probing experiment in soils from Chazy, NY (Koechli et al. in
prep) (Figure S6). Taken together these results suggest a large-scale restructuring of
the composition and function of the soil community in response to liming. The net
effect on soil organic C stocks at the short-term site remains to be seen, though the
loss of the important decomposers described above would predict a buildup of C
stocks as was observed at the long-term site.
We expected species richness and diversity to increase after liming as the
microbial community is released from the strong selective pressure of highly acidic
conditions. However, liming-induced pH increases in this study did not boost richness
or diversity as is commonly observed in pH gradient studies (Fierer and Jackson 2006,
Lauber et al. 2009, Rousk et al. 2010, Tedersoo et al. 2015). Malik et al. (2018) found
that acid stress-alleviation was observed when soils were limed past a threshold of pH
6.2, but when acidic soils were limed to below this threshold, stress protein indicators
were higher in the limed soils. In this study, which falls into the latter category of pH
change, the lack of response in diversity may be explained in part by a largely acidadapted community being constrained by the increased pH.
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The increased number of responder taxa two years after liming indicates that
liming altered microbial community assembly. Acidic soils are characterized by
deterministic (selective) processes of community assembly, at least for bacteria
(Tripathi et al. 2018). With reduced acidity, stochastic processes could be resurgent,
producing a larger number of positive responders to liming in the short term than in
the long term. The transient positive response of Sordariales, which are saprobic
coprophilous microfungi that thrive in alkaline environments (Huhndorf et al. 2004,
Zhang et al. 2016), and Laccaria, which are pioneer ECMF following disturbance
(Mason et al. 1983, Nara et al. 2003, Ishida et al. 2008), at the short-term site offers
evidence of this.
Several taxa responding to liming in our study have previously been identified
as strongly positively correlated with soil pH, including Nitrospirae, Saprospirae,
Flavobacteriia, Planctomycetales, Acidobacteria grp. 6 (iii1-15), Solirubrobacterales,
Gaiellaceae, Methylibium, Steroidobacter, Sphingomonas, and Nocardioides and
negatively correlated with increasing pH like Candidatus Solibacter and Actinomadura
(Zhalnina et al. 2014, Delgado-Baquerizo et al. 2018). This result suggests that these
taxa have traits that cause them to favor acidic or alkaline soils. These pH tolerance
traits might be phylogenetically conserved, like the phylum-wide negative responses
of WPS-2 to liming in our study. WPS-2 is clearly associated with acidic environments
like acid mine drainage, high latitude peatlands, and tundra ecosystems, which can be
sphagnum dominated environments (Friedman et al. 2013, Gittel et al. 2014, Lipson et
al. 2015, Holland-Moritz et al. 2018), and its response in this study reflects a selection
pressure by pH that magnifies over time.
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Our results from these pH manipulation experiments support the idea that soil
pH is a master variable that structures microbial communities through direct
constraints on microbial physiology, though ecosystem feedbacks to changing pH
undoubtedly continue to influence and shape microbial community composition. In
this study we assumed that calcium availability was not responsible for short-term
responses because it was not an important factor explaining community variation at
the long-term site (Sridhar et al. Ch1); however, further work is required to
disentangle the pH effect of liming from the calcium effect on the microbial
community and decomposability of soil organic carbon (Paradelo et al. 2015).
Nonetheless, our study adds evidence that certain groups are highly sensitive to
disturbances in pH, information which allows for a more trait-based understanding of
soil bacterial and fungal communities. This may be critical to forecasting the
ecological consequences of pH altering global change factors on carbon and nutrient
cycling.
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CHAPTER 3

DNA STABLE ISOTOPE PROBING REVEALS THAT FOREST LIMING ALTERS
LEAF LITTER CARBON ASSIMILATION BY SOIL BACTERIAL AND FUNGAL
COMMUNITIES

Abstract
Liming of northern hardwood forest soils can alter microbial community
composition and C cycling, however the mechanistic link between changes in
structure and decomposer function that lead to soil C sequestration is unclear. We
tracked the flow of leaf 13C into bacterial and fungal communities in limed and control
soils from Woods Lake, NY, where liming doubled organic horizon C stocks after 20
years. We hypothesized that microbial 13C assimilation would differ between limed
and control soil microbial communities, consistent with field observations of microbial
community shifts from an earlier study. We addressed this hypothesis using Multiple
Window High Resolution DNA stable isotope probing (MW-HR-SIP) with 13C labeled
oak leaves in soil microcosms. Liming significantly altered bacterial and fungal
communities that actively assimilated leaf litter C, with ≤ 20% overlap between the
leaf incorporator ASVs in limed and control soils. In limed soils, the number of
bacterial ASVs that incorporated 13C into their DNA was 4-fold higher and amplified
over 40 days, while the number of fungal 13C incorporators increased to a lesser extent
and only during the initial stages of incubation. We validated the ecosystem relevance
of our microcosm experiment by assessing whether these C assimilating microbial
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groups were present in the field and if their directional response to liming matched.
We identified several such groups of prominent (>13% relative abundance),
phylogenetically related 13C incorporators, many of which were negatively impacted
by liming, including fungal phylogroups belonging to Ascomycota, and bacterial
phylogroups belonging to Actinobacteria and Proteobacteria. We show that liming
has fundamentally altered how the microbial community metabolizes litter C, thus
linking changes in structure to changes in function.
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Introduction
The pool of carbon (C) stored in forest soils represents the balance between
plant production and microbial decomposition, and augmenting this terrestrial
reservoir has the potential to help mitigate climate change. Decomposition in forest
soils is carried out by a wide range of microorganisms, however the vast majority of
soil organic matter decomposers remain uncultured and their physiology and ecology
uncharacterized. In particular, it is uncertain how decomposer community structure
and function respond to changes in fundamental characteristics of forest soil, such as
pH. Furthermore, forest soils across Europe and eastern North America incurred
acidification through decades of anthropogenic air pollution and several managed
forests have been limed to counteract this acidification (Lundström et al. 2003, Reid
and Watmough 2014). The addition of liming agents like calcium carbonate to forest
soils has been shown to alter microbial community composition and carbon (C)
cycling, in some cases leading to accumulation of C stocks in organic horizons over
the long term (Derome 1990, Bååth et al. 1995, Melvin et al. 2013), while in other
cases to decreases (Lundström et al. 2003).
In an experimental watershed liming study at Woods Lake, NY, a dose of 6.9
tons ha-1 of limestone added to a northern mixed hardwood forest watershed doubled C
stocks in the forest floor 20 years later (Driscoll et al. 1996, Melvin et al. 2013). This
C accumulation in limed soils probably resulted primarily from suppressed microbial
mineralization of organic matter, as no differences were observed in plant litter inputs
(Melvin et al. 2013). Limed forest floor soils increased in pH (by one unit to 5.5), had
lower extracellular enzyme activity, and their fungal and bacterial communities
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differed relative to un-limed control soils (Sridhar et al. Ch1). Liming suppressed
dominant ectomycorrhizae, wood saprotrophs, and bacteria related to genus
Actinomadura, whose change in abundance corresponded with decreased activity of
oxidative enzymes central to lignocellulose degradation (Sridhar et al. Ch1). These
results demonstrate that liming altered microbial community structure and function
resulting in an increase in soil carbon stocks, though these responses were correlative
and the mechanism for this increase remains unclear.
Altering microbial community structure can have quantitative impacts on the
decomposition of plant detritus, C mineralization, and soil C sequestration, as
demonstrated in reciprocal transplant or selective inoculation experiments (Schimel
1995, Strickland et al. 2009, Wagg et al. 2014). By altering the microbial community,
liming may regulate the processing of SOM and lead to C accumulation through a
variety of mechanisms that are not mutually exclusive. On one hand, pH could directly
constrain microbial growth and define the environmental niche of microbial groups
involved in C cycling, which could alter the turnover of SOM. For example,
increasing pH can favor bacterial growth over fungal growth or increase microbial
turnover rates as physiological stress from soil acidity is relaxed (Rousk et al. 2009,
Malik et al. 2018). Carbon can accumulate over the long term if this larger pool of
microbial necromass is stabilized through aggregation or mineral interactions that
inhibit its recycling (Cotrufo et al. 2013, Geyer et al. 2016). On the other hand, liming
may have induced constraints on C mineralization by suppressing microbial guilds
involved in litter degradation or by disrupting plant-microbe interactions.
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Microbial community composition changes during litter decomposition as
components of plant biomass (hemicellulose, cellulose and lignin) are degraded at
different stages (Snajdr et al. 2010). Fungi are thought to carry out the majority share
of litter degradation, producing extracellular enzymes that breakdown persistent plant
polymers in litter. This is evidenced by the fungal share of hydrolase proteins and
transcription of lignocellulolytic enzymes in litter (Schneider et al. 2012, Žifčáková et
al. 2017). Ascomycota dominate early in decomposition, but they gradually give way
to saprotrophic Basidiomycota that specialize in producing ligninolytic enzymes later
in decomposition (Sethuraman et al. 1998, Baldrian 2008, Voříšková and Baldrian
2013, Purahong et al. 2016). Bacteria also contribute significantly to litter
decomposition, composing 30% of microbial transcripts in litter, and exhibit the
ability to assimilate carbon from hemicellulose, cellulose, and lignin into their biomass
(Štursová et al. 2012, López-Mondéjar et al. 2016, Žifčáková et al. 2017, Wilhelm et
al. 2019). Bacterial colonization of litter increases through recruitment from soil
bacterial populations, leading to growth in litter bacterial biomass over time
(Voříšková and Baldrian 2013, Tláskal et al. 2016, Baldrian 2017). Several major
phyla, including Proteobacteria, Actinobacteria, Bacteroidetes, and Acidobacteria are
common during litter decomposition, with the relative abundance of certain
Actinobacteria like Streptomyces increasing over time (Snajdr et al. 2010, Tláskal et
al. 2016, Purahong et al. 2016). Suppression of members of the microbial community
involved in particular stages of litter degradation could lead to changes in the fate of
soil C.
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Plant-microbe interactions could also be disrupted by liming, which can
increase the availability of nutrients like N and P to plants, altering their relationship
with mycorrhizal fungi (Groffman and Fisk 2011, Carrino-Kyker et al. 2016). In
previous work at this and other sites, liming negatively impacted the abundance and
activity of certain ectomycorrhizal (ECM) fungi like Russula or Cenococcum spp.,
which could cause a reduction in decomposition rates (Sridhar et al. Ch1, Rineau and
Garbaye 2009, Kjøller and Clemmensen 2009, Rineau et al. 2010, Lindahl and Tunlid
2014).
While the various microbial mechanisms by which liming alters decomposition
are difficult to disentangle, tracking the fate of plant C through microbial food webs is
one way to test whether C is being processed differently by microbial communities in
limed soils. Such food web mapping can provide insight into the mechanisms
underlying the accumulation of forest floor C stocks at Woods Lake. Nucleic acid
stable isotope probing (SIP), where soil microbes are allowed to incorporate
isotopically labeled substrates into their biomass, enables the tracking of the metabolic
activity of microbes in environmentally relevant settings (Pepe-Ranney et al. 2016,
Barnett et al. 2019, Koechli et al. 2019). When coupled with advances in high
throughput sequencing (HTS), SIP has the potential to link thousands of microbial
taxa to their metabolic activity. Advances in statistical methods to support inference
on large HTS-SIP datasets have increased the sensitivity and specificity of detecting
the enrichment of metabolically active taxa (Pepe-Ranney et al. 2016, Youngblut et al.
2018, Barnett et al. 2019). SIP has illuminated the flow of C through soil bacterial and
fungal communities, allowing the identification of taxa associated with the
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assimilation of specific litter-analogous purified substrates like hemicellulose,
cellulose, and lignin (Štursová et al. 2012, Leung et al. 2015, Pepe-Ranney et al. 2016,
Koechli et al. 2019, Wilhelm et al. 2019). However, SIP experiments that use more
complex substrates have the potential to access a larger proportion of the
metabolically active microbial community. For example, Kramer et al. (2016) found
when using a range of substrates from glucose to plant biomass, that increasing
substrate complexity increased successional labeling of the microbial food web.
We conducted a SIP experiment to track the flow of leaf litter C through
microbial communities of limed and control soils, to determine whether liming
changed microbial assimilation of litter C, and to identify differences in community
function with respect to liming. We used oak leaves, an ecologically relevant source of
C in temperate forest soils, tracking 13C from labeled leaves into bacterial and fungal
DNA to identify which microbes actively assimilated added C. Lab microcosms with
soil from limed and control subcatchments from two organic horizons (Oe and Oa)
were incubated with 13C labeled- or 12C control- oak leaves, and were sampled after 15
and 40 days to capture the metabolically active bacterial and fungal community over
time. In addition, we validated the ecosystem-level relevance of our findings, by
tracking the response of those microbial taxa that assimilated C in the DNA-SIP
experiment, in the field.
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Methods
Site description and soil sampling
The Experimental Watershed Liming Study at Woods Lake was initiated by
Driscoll et al in 1989. Woods Lake is located in the Adirondack Park, Herkimer
County, NY, USA (43°52’ N, 74°57’ W). Its forested watershed consists of northern
mixed hardwood forests, dominated by American beech, red maple, and yellow birch
and soils are predominantly Typic Haplorthords derived from glacial till. To replenish
acid-deposition induced loss of base cations, CaCO3 was applied at the rate of 6.9 tons
ha-1 to two 50 ha subcatchments, with two adjacent subcatchments maintained as
references (see for details: Sridhar et al. Ch 1, Driscoll et al. 1996, Melvin et al. 2013).
Liming immediately increased soil pH from 3.7 to 4.4 on average in the organic
horizons (Blette and Newton 1996). The site was revisited in 2010, and ecosystem
measures of C and N cycling were measured by Melvin et al. (2013). Notably, by this
time large differences in soil Ca reflect higher calcium concentrations in plant litter as
any residual added lime is now deep in the soil (R. Newton, personal communication).
In 2014 samples were collected from the same plots from the Melvin et al. (2013)
study to assess microbial function and community composition (microbial biomass, C
mineralization, pH, elemental analysis, 16S rRNA gene and ITS1 sequencing) (Sridhar
et al. Ch 1).
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For this study, fresh soils were collected in November 2016 from plots within
one set of limed and control subcatchments. A composite sample of four O horizon
(>20-30% SOC) cores in each plot was collected with a tulip bulb corer 10 cm past the
top (Oi) layer and separated into upper (Oe) and lower (Oa) organic horizons by field
examination (Schoeneberger et al. 2012). This yielded four samples (Limed Oe,
Limed Oa, Control Oe, Control Oa) that were transported back to Cornell University
on ice and stored at 4°C. Following this moisture content was determined, and soils
were sieved to 4 mm.

Microcosm experiment
A microcosm experiment was set up as per (Pepe-Ranney et al. 2016, Koechli
et al. 2019) and oak leaves were added as the C substrate. Briefly, microcosms were
prepared by adding 10 g dry weight (d.w.) sieved soil to 250 ml Erlenmeyer flasks.
Microcosms were then pre-incubated for 2 weeks until CO2 flux stabilized and were
maintained at 60% water holding capacity by weight at room temperature without
exposure to light throughout the experiment. To simulate leaf litter inputs in natural
systems, we added Quercus robur leaves to the top of soils in microcosms, in C
concentrations reflecting fresh C in soil during the early stages of decomposition.
Leaves were freeze-dried and either unlabeled or >97 atom%-enriched and uniformly
labeled with 13C (U-64001, IsoLife, Wageningen, Netherlands). We added 6 mg leaf
mass or ~3 mg C g soil -1 d.w. (i.e. assuming 50% C in litter), an amount high enough
to ensure detection, but low enough to discourage waste respiration from excess C
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(Schneckenberger et al. 2008). Whole leaves were shredded to between 2 mm to 4 mm
to simulate litter fragmentation and facilitate substrate solubilization and colonization
by microbial decomposers.
Microcosm flasks were capped with butyl rubber stoppers and headspace CO2
was sampled at 12 time points, including prior to and during the experiment via
GCMS (Shimadzu GCMS-QP2010). Flasks were briefly vented after each
measurement. After 15 and 40 days, microcosms were destructively harvested to
capture the temporal dynamics of C incorporation. SIP was conducted on 16
microcosms with one replicate per combination of subcatchment (C, L), horizon (Oe,
Oa), C isotope (12C, 13C), and time point (15 days, 40 days). Respiration was measured
on these 16 representative samples. Respiration was also measured on an additional set
of 16 samples from the second pair of limed and control subcatchments of Woods
Lake that were collected, processed and incubated in the same manner. Substrate
control microcosms, which consisted of 12C and 13C leaf fragments only (i.e. no soil),
were also maintained and sequenced alongside sample microcosms to identify and
account for the native microbial community present on the oak leaves.

DNA extraction and centrifugation
DNA was extracted from 2 g soil per sample using the 96-well DNeasy
PowerSoil Kit (Qiagen, Hilden, Germany) as per the manufacturer’s protocol and
using multiple extractions until 2-5 μg DNA was available from each of the 16
microcosm samples. DNA was quantified with Quant-iT PicoGreen fluorescent dye
using a λ DNA standard curve according to the manufacturer’s protocol (Thermo
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Fischer Scientific, Waltham, MA). Cesium chloride gradient formation and
fractionation was conducted as previously described with minor modifications (PepeRanney et al. 2016, Koechli et al. 2019). Briefly 1.945 μg DNA was added to a 4.7 ml
CsCl gradient of 1.69 g ml-1 average density (1.68 g ml-1 CsCl in 0.15mM Tris-HCl,
15mM EDTA, and 15mM KCl) and spun at 55,000 x g for 66 hrs at 20°C. After
centrifugation, 30 fractions of 100 μl were collected by displacement using a syringe
pump. Fraction buoyant density was determined using a Reichert AR200 handheld
digital refractometer. DNA was desalted by superparamagnetic bead purification and
resuspended in 50 μL TE. Fractions between 1.7 g ml-1 and 1.77 g ml-1 were retained
to be used in multiple window high resolution SIP (MW-HR-SIP) analysis (Youngblut
et al. 2018). These fractions were pooled to create 9 fractions per sample before
downstream PCR.

Sequence preparation
We extracted DNA from the 16 sample microcosms and sequenced prefractionated DNA from each sample and 9 gradient fractions per sample (total 144).
Dual-indexed custom barcoded PCR primers targeted the bacterial/archaeal 16S rRNA
gene V4 region (515 F / 806 R), and the fungal internal transcribed spacer ITS1 region
(nBITSf / 58A2r), which are described in (Kozich et al. 2013, Pepe-Ranney et al.
2016, Koechli et al. 2019). Each 25 μL PCR reaction contained 12.5 μL Q5 High
Fidelity PCR Master Mix (New England Biolabs), 2.5 μL primers, and 5 μL template
DNA. PCR amplifications were performed in triplicate for ITS1 and 16S rRNA and
then pooled, followed by gel electrophoresis to confirm amplification. The amplicon
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libraries were then purified and normalized using a SequalPrep normalization kit
(Thermo Fischer Scientific, Waltham, MA) following manufacturer’s protocols.
Samples were concentrated down to 5 ng μL−1 by vacuum centrifugation at 20°C, and
sent to the Cornell Core Facility in Ithaca, NY for Illumina MiSeq sequencing, using
the V2 chemistry with 2 × 250 bp read length.

Bioinformatic pre-processing
Sequences were demultiplexed using deML (default settings), assembled with
PEAR (-p 0.001 –q 30), followed by Illumina adapter contamination and primer
sequence removal using Cutadapt (-n 2 -O 5 --match-read-wildcards). Sequences were
quality-filtered (--fastq_maxee 0.25 --fastq_minlen 50 --fastq_maxns 0 --fasta_width
0) and dereplicated using VSEARCH, followed by amplicon sequence variant (ASV)
assignment using UNOISE3 (-minsize 9 option). Taxonomic classification was
performed using the Bayesian-based lowest common ancestor classifier tool (BLCA)
against the 16S rRNA gene database from NCBI (-n 100 -j 50 -d 0.1 -e 0.01 -b 100 -c
0.9 --iset 90). ASVs affiliated with taxonomic assignments pertaining to chloroplast of
mitochondrial sequences were removed from the data set. Processing of fungal ITS1
sequences followed a similar protocol, except that after quality-filtering and
dereplication, fungal ITS1 sequences were identified and extracted with ITSx (-E 0.01
–heuristics –t F) and padded with “N” characters to the maximum ITS1 sequence
length prior to ASV identification using UNOISE3. After removal of “N” characters
from the ITS1 ASVs, the taxonomy of fungal ITS1 sequences were assigned with the
UNITE database (version no. 7.2, release date 2017-20-10) using BLCA. Fungal ITS1
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ASV sequences were subsequently post-clustered at 96% nucleotide identity using
LULU, a methodology that uses pairwise ASV nucleotide identity and co-occurrence
to correctly delineate species hypotheses with ITS marker sequences in ecological data
sets (Frøslev et al. 2017). Analysis of LULU output using multiple, decreasing
nucleotide identity cutoffs revealed a plateau in ASV decline at nucleotide identities
below 96%, the output of which was selected for further analysis. A total of 31 fungal
ITS1 ASVs were merged into existing ASVs at the 96% identity cutoff used.

HRSIP Analysis
To assess the 13C labeling of DNA, we used multiple window high resolution
stable isotope probing (MW-HR-SIP), which identifies ASVs that had significant log2
fold change in relative abundance in multiple 13C heavy fractions over corresponding
12

C controls (hereafter termed “incorporators”). We identified incorporators of 13C leaf

substrate using MW-HR-SIP in HTSSIP (R package) as described in (Youngblut et al.
2018). Briefly, ASVs that were statistically more abundant in the 13C heavy fractions
relative to corresponding 12C control heavy fractions were determined as 13C
incorporators for downstream analysis using DESeq2 (Love et al. 2014). We included
9 gradient fractions from multiple overlapping windows of buoyant density (1.70 1.73 g mL-1; 1.72 - 1.75 g mL-1; 1.74 - 1.77 g mL-1). Read count distribution was
similar for bacteria and fungi as well as across all samples and for leaf 13C
incorporators in particular, which supports the comparison of labeled and unlabeled
community dynamics.
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Bioinformatic and Statistical Analysis
We used log2 fold change (LFC) in abundance of 13C fractions over 12C
fractions for each ASV as a proxy for the degree of 13C incorporation or enrichment,
where significant. P-values from a one-sided z-test for differential abundance were
considered significant (a < 0.05) after a Benjamini-Hochberg false discovery rate
adjustment (FDR of 0.01). ASVs were filtered to those that had reads > 500 per
sample. Pre-fractionated samples had an average of 16,366 16S sequences and 21,769
ITS sequences per sample after filtering low abundance taxa removed < 0.1% of 16S
and ITS reads. The sequencing depth was adequate to ensure a high degree of
sensitivity (i.e. ability to detect true positives) using the MW-HR-SIP pipeline
(Youngblut et al. 2018). Pre-fractionated samples contained 3574 of the total 4055
bacterial ASVs and 709 of the total 796 fungal ASVs in the sequencing effort across
all fractions. ASV counts were normalized to total counts per thousand reads.
Differences in ASV composition among experimental design groups was
assessed using Canonical Correspondence Analysis (CCA) on a Bray-Curtis
dissimilarity matrix, and statistical significance was tested using PERMANOVA
(adonis) in vegan (Oksanen et al. 2007). ASVs with positive LFC values in limed
relative to control soils were denoted as “responders” to liming. Strong responders to
liming were defined as those with LFC ³ 1, while poor responders to liming had LFC
£ -1. Because of the small number of replicates per treatment (n = 4), effect sizes
(LFC) were estimated with apeglm which reduces variance, while preserving the true
large effect sizes (Zhu et al. 2019). Functional classifications for fungi were
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ascertained using FUNGuild, which yielded classifications for 89% of fungal ASVs in
the dataset (Nguyen et al. 2016). We limited our analysis to those classifications that
were deemed “Probable” and “Highly Probable” and kept ASVs that were only
assigned to a single guild. We treated isotopically different microcosms as additional
replicates in our experimental design and drew conclusions about the effects of liming
by studying the number of incorporators present in different treatments and their
relative abundance and diversity in pre-fractionated DNA samples.
We compared microcosm responses to the responses in a larger field survey of
the microbial community in limed and control subcatchments (Sridhar et al. Ch1).
Sequences representing ASVs from this study were aligned to ASVs identified in the
field survey using a threshold ≥ 99% alignment identity and ≥ 95% query coverage to
ensure robust ASV assignment between studies. For 16S ASVs with taxonomic
assignments at the order rank, we observed monophyletic clades of incorporator ASVs
responding to liming (suggesting a phylogenetically conserved response) and hereafter
describe them as phylogroups throughout the text (e.g. Figure S7). Phylogenetic
estimation was performed as follows. A phylogenetic tree of 16S ASVs was produced
by aligning 16S rRNA gene sequences using mafft (default settings) and tree
reconstruction using FastTree2 (-nt -gtr -slow -gamma -bionj -spr 4 -mlacc 2 –
slownni). Since insertions and deletions are common within fungal ITS regions, we
constrained phylogenetic analyses of these sequences to ASVs classified at the genus
level. Hence, monophyletic sets of fungal ASVs at the genus rank sharing a conserved
response of incorporation were described as phylogroups throughout the text.
Phylogroups created this way suggest an evolutionary conservation of 13C incorporator
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responses. The relative abundances of incorporator phylogroups detected in our SIP
study were investigated in the field study to validate their ecological relevance.

Results
13

C assimilation into bacterial and fungal taxa
Over 40 days, labeled and unlabeled leaf litter decomposed in the microcosms

(Figure S1), and approximately 29% of added leaf C was respired by day 27, at which
point cumulative respiration plateaued (Figure S2). Significant differences in
taxonomic composition between 13C gradient fractions and corresponding 12C fractions
(Figure S3 and Table S1) demonstrate successful incorporation of 13C label into fungal
and bacterial DNA. Leaf C amendments decomposed and were incorporated into
actively respiring microorganisms, confirmed by detection of 13CO2 respired from
microcosms (Figure S2) and the significant enrichment of 13C relative to 12C DNA in
heavy fractions for 630 ASVs (496 bacteria and 134 fungi).
Incorporators accounted for 14% of all bacterial ASVs found in limed soils and
17% of incorporators in control soils. Fungal incorporators accounted for 23% of all
fungal ASVs in both limed and control soils. Bacterial and fungal incorporators were
prominent among all ASVs that responded strongly to liming (Figure S4). The
unlabeled responders to liming likely changed in abundance by metabolizing native
SOC more in one than the other treatment. We focus the following analysis on ASVs
that incorporated 13C into their biomass.
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Lime effects on bacterial and fungal 13C incorporator community composition
Bacterial and fungal taxa incorporating 13C from 13C-oak litter differed between
limed and control soils. Liming treatment explained 18% of the variation in bacterial
incorporator composition and 23% of fungal incorporator composition
(PERMANOVA p = 0.001; Figure 1, Table S2). Treatment explained a similar
amount of the variation in bacterial and fungal incorporation as soil horizon did
(Figure 1; Table S2). Contrary to expectations of community shifts during different
stages of litter decomposition, bacterial and fungal incorporator composition did not
change between the two time points of the experiment.
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Figure 1 Canonical correspondence analysis ordinations of (A) bacterial (16S) and
(B) fungal (ITS) DNA sequence composition of incorporators in pre-fractionated
soil from 16 microcosms. Ellipses represent 95% confidence that samples from the
respective treatments fall within that region. Dissimilarity in sequence composition
was quantified using the Bray-Curtis metric. Sample points are fractions coded by
treatment, horizon, time, and isotope. The significance of each factor as a predictor
of community composition from a PERMANOVA model is inset.
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As expected, isotope treatment had no impact on the pre-fractionated bacterial
community members that were determined to be incorporators, indicating incubation
with isotopically different substrates introduced no bias. However, this was not the
case for fungal communities; as fungal incorporators differed between 13C and 12C
litter. This artifact potentially limits the sensitivity of SIP in detecting uptake of label
among fungi in our study (Youngblut 2018b). The lower sensitivity of MW-HR-SIP in
this situation was shown to be primarily driven by differences in the number of shared
taxa rather than differences in their distribution within the samples (Youngblut
2018b). Pre-fractionated 12C and 13C samples shared 76% of their fungal taxa, which
could lower the sensitivity of our methods in detecting label uptake from 0.9 when
100% of taxa are shared, to ~0.7, where sensitivity is the fraction of labeled taxa (true
positives) identified correctly (Youngblut 2018b). Thus, we expect that our method
failed to detect approximately 30% of fungal incorporators present. Nevertheless, the
high degree of specificity of MW-HR-SIP ensures a low false positive rate of those
fungal ASVs that were detected as incorporators in our study.

Lime effects on bacterial and fungal 13C incorporator richness
Liming increased the phylotype richness of the microbial incorporators, with
greater increases in bacteria than in fungi. The number of bacterial ASVs
incorporating 13C in limed soils over controls increased ~4 fold (P < 0.001), and their
median degree of enrichment increased up to 11% (e.g. Oe horizon day 15; Figure 2
and Figure S5A). Of the 496 bacterial 13C incorporator ASVs, 77% were active only in
limed soils, while 10% were active only in control soils, and the rest, only 13% were
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Figure 2 The number of bacterial and fungal ASVs that incorporated 13C from 13Clabeled leaf in each treatment over two time points and across each organic horizon.
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active in both (Figure S5A). Meanwhile, there were ~1.5 times as many fungal ASVs
that incorporated 13C in limed soils compared to controls (P < 0.001), and these fungi
saw significant increases in their median degree of enrichment of up to 12% in certain
conditions (Oe horizon day 15; Figure 2 and Figure S5B). Of the 134 fungal
incorporators, 53% were active only in limed soils vs 27% only in control soils; the
remaining 20% were active in both (Figure S5B). Over incubation time, liming
amplified the increase in bacterial incorporators, while the number of fungal
incorporators in limed soils decreased by day 40. The stimulation of bacterial and
fungal incorporation of leaf C in limed soils primarily occurred in the Oe horizon,
which is composed of partially decomposed plant litter, while Oa horizon (humus)
incorporators typically did not respond significantly to liming in degree or number
(Figure 2 and Figure S5).

Identities of bacterial 13C incorporators and their response to liming
13

C leaf litter assimilation among bacteria was phylogenetically broader in

limed than control soils, with incorporators observed across 17 classes from 8 different
phyla, whereas control soils had incorporators across 12 classes and only 3 phyla
(Figure S6A, Table S3).
Phylum Actinobacteria represented 35% of bacterial incorporators. In class
Actinobacteria, liming increased the number of incorporators from 30 to 111 but
decreased their aggregate relative abundance by 18% (Figure 3). ASVs constituting
two major phylogroups PG1 and PG2 from Streptosporangiales were responsible for
class level declines in relative abundance of incorporators. Incorporation in PG1,
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which comprised 20% of 16S incorporator reads, declined 11% in limed soils (Figure
4A). PG1 contained seven Actinoallomurus ASVs and six other closely related
unidentified ASVs (Figure S7). Incorporation in PG2, which comprised 3.6% of 16S
incorporator reads declined 57% with liming (Figure 4A). PG2 contained seven as yet
unclassified ASVs closely related to Actinomadura (Figure S7).
In phylum Proteobacteria (49% of incorporator reads), liming benefitted some
classes and not others. Liming roughly doubled and quadrupled the number of
Betaproteobacteria and Gammaproteobacteria incorporators, respectively, while also
increasing their relative abundance in the community (Figure 3). A group of six ASVs
most closely related to Paraburkholderia caffeinilytica/madseniana constituted
phylogroup PG3 (Figure S8). PG3 accounted for 13% of incorporator reads and had a
relative abundance that was 3.4-fold larger in the limed soils (Figure S8).
Alphaproteobacteria were the most abundant class within Proteobacteria, and while
the number of incorporators more than quadrupled, their relative abundance declined
in limed soils by 11% (Figure 3). Much of this decline was due to PG4, nine
unclassified Rhizhobiales ASVs that comprised 15% of 16S incorporators (Figure S9).
PG4 ASVs were a 97.95% identity match to Rhodoplanes roseus and were 19% less
abundant in limed soils (Figure 4C, Figure S9).
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Figure 3 Normalized counts of 13C-labeled ASVs or ‘incorporators’ across
treatments in pre-fractionated samples (nrep = 8) organized by taxonomic class. Six
classes that had highest relative abundance among bacteria and fungi are presented
here. ASVs are sorted by relative abundance within their genus where available.
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Figure 4 Comparison of selected major bacterial and fungal phylogroup
(monophyletic clades of 13C incorporator ASVs) responses to liming shown by their
relative abundance when amended with oak leaf fragments (Lab) and their relative
abundance in field samples collected in Sridhar et al. Ch1 (Field). Error bars in
field data reflect replication across multiple treated subcatchments. ASVs that
comprise each phylogroup are displayed in ‘Lab’ bar plots. Relative abundances are
combined across horizon and time points.
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Identities of fungal 13C incorporators and their response to liming
Incorporation was heavily skewed in fungi, with just 7 ASVs out of the 134
incorporators accounting for over 80% of the fungal incorporator community. Fungal
incorporators of 13C leaves in limed soils spanned 11 classes from 5 phyla, while
incorporators in control soils spanned 10 classes from 4 phyla (Figure S6B, Table S4).
Incorporators in the study were dominated by phylum Ascomycota, on which liming
had the effect of decreasing their relative abundance by 24%, despite a 70% increase
in the number of incorporators. Most of the increase in the number of incorporators
was due to class Sordariomycetes (27% of ITS reads), in which twice as many ASVs
incorporated label in the limed soils relative to controls. The relative abundance of
Sordariomycetes increased 12% with liming, despite a decrease for two of its ASVs,
ASV_3 and ASV_20, which we denote as PG5 (Figure 3, Figure 4E). The two ASVs
in PG5 matched to Trichoderma theobromicola and made up 18% of ITS reads
(Figure S10). In the limed soils, PG5 gave way to other Sordariomycetes including
other Trichoderma ASVs that thrived at the higher pH (ASV_10, ASV_9, ASV_40;
together 6% of ITS reads) (Figure 3). The second most abundant class in Ascomycota,
Eurotiomycetes (19% of ITS reads), had marginally more incorporator numbers but
much lower abundance in limed soils. This was due to a 4.5-fold decline in limed soils
of three closely related ASVs from genus Penicillium (PG6: ASV_6, ASV_5, and
ASV_18; together 18% of ITS reads (Figure 3). An ASV from genus Cenococcum,
which is typically ectomycorrhizal, was abundant in the field, but represented a small
proportion of the SIP communities (0.1%). Nevertheless, this Cenococcum ASV
incorporated 13C-labeled litter and was 4.5-fold more abundant in the limed soils than
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control, the exact opposite of its pattern in the field (Figure S11A). Basidiomycota
were dominated by class Tremellomycetes (39% of ITS reads; Figure 3), which
increased 15% in abundance in limed soils due to a single unclassified ASV (ASV_2,
35% of ITS reads) most closely related (97.69% identity match) to Saitozyma
podzolica (Figure 4G, Figure S12).
Functional guild assignments were available for 48 ASVs through FUNGuild.
Soil saprotrophs made up 61% of these fungal incorporator sequence counts, though
their abundance as a guild was not affected by treatment. ASVs classified as purely
‘Ectomycorrhizal’ constituted ~2% of the fungal incorporators and were more
abundant in the limed soils, largely due to Cenococcum spp. mentioned earlier (P =
0.004; Figure S13). No other guilds as a whole responded significantly to treatment.

Presence of incorporators in larger field survey
To validate the relevance of our SIP experiment, we compared the SIP
community responses to the response of microbial communities from 160 field
samples collected from limed and control subcatchments in a previous study (Sridhar
et al. Ch 1). Bacterial and fungal incorporators in our lab SIP microcosms (hereafter
“lab incorporators”) were readily identified in the field with 85% of bacterial and
100% of fungal lab ASVs matching to ASVs present in the field (hereafter “field
incorporators”; see Methods). Field and lab incorporator communities were dominated
by the same bacterial and fungal classes: Actinobacteria (51% of 16S reads in field
and 31% in the lab) and Alphaproteobacteria (37% of 16S reads in the field and 29%
in the lab) among bacteria and Tremellomycetes (27% of ITS reads in the field and
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39% in the lab) and Sordariomycetes (20% of ITS reads in field and 27% in the lab)
among fungi. The responses of lab and field incorporator phylogroups/ASVs most
often matched in direction and sometimes in magnitude (Figure 4). Notably, PG1 and
PG2 Actinoallomurus/Actinomadura were similarly abundant in lab and field and
responded in the same way to liming. On the other hand, PG3 Paraburkholderia and
PG6 Penicillium, were both far less abundant in the field. Overall, while fungi that
made up the majority of SIP incorporators (PG5, ASV_2: together 53% of lab
incorporators) were present in the field and had similar responses to liming, they
comprised a very small proportion of the field community.

Discussion
We tested whether forest liming impacts microbial community structurefunction relationships by examining microbial community assimilation of leaf litter C
in soils from a northern hardwood forest where liming raised pH by one unit and
doubled forest floor C stocks. We found significant differences between limed and
control microbial communities assimilating leaf litter C in both bacteria and fungi,
supporting our main hypothesis. The magnitude of this shift in composition parallels
the differences between microbial communities assimilating C in the Oe horizon
versus the Oa horizon. In previous work at Woods Lake, we showed that bacterial and
fungal communities in limed soils differed from controls (Sridhar et al. Ch1). In this
study, we prove that liming has fundamentally altered how this new microbial
community metabolizes litter C, thus linking changes in structure to changes in
function. Overall, liming greatly increased the diversity of the active microbial
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decomposer community; hence, it appears that low-diversity, acid-tolerant microbial
communities enable more complete decomposition of detritus in these northern
hardwood forest ecosystems.
Liming affected the number and relative abundance of leaf litter C
incorporators, affecting several phylogroups implicated in the decomposition of plant
biopolymers. Some of these phylogroup responses to liming matched those of the
same organisms found in a previous field study (Sridhar et al. Ch1). Differences in the
response of phylogroups between lab and field may be artifacts of our lab microcosms
or reveal differences between active and dormant populations within each group (e.g.
PG3, PG6, ASV_62).
High throughput stable isotope probing of microbial DNA using complex C
substrates is a powerful tool that allowed the identification of 496 bacteria and 134
fungi that assimilated 13C from in 13C oak leaves. By using leaf fragments rather than a
single substrate like cellulose, it is likely that a wider range of plant C degraders,
secondary, and tertiary consumers in the microbial food web became labeled. Single
substrates like cellulose may only be assimilated by 1-10% of the bacterial and fungal
taxa present in soils (Koechli et al. 2019) whereas by using whole leaf fragments, we
recruited 17% and 23% of bacterial and fungal taxa present respectively.
Over the 40 day incubation, cumulative respiration from pre-fragmented
Q.robur leaves added to microcosms plateaued by day 15, indicating that litter
degradation had progressed past the initial rapid decomposition of cell solubles, into
the early or intermediate phase where persistent biopolymers were being decomposed
(Snajdr et al. 2010). Contrary to our expectation that microbial community
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composition would shift concurrently with anticipated changes in litter chemistry
between day 15 and day 40 of the experiment, we found no significant differences in
overall composition between time points. Given that respiration had already begun to
level off by day 15, it is possible that both time points captured the same phase of
decomposition.
While incorporator community composition did not change over time, liming
influenced the richness of 13C incorporators over time. In control soils, a similar
number of bacterial and fungal incorporators had accessed leaf litter C by day 15 and
40 but liming markedly accelerated the number of bacterial incorporators over time,
while the number of fungal incorporators was largely unchanged. Bacterial phylotype
richness tends to increase in neutral soils relative to acidic soils, potentially due to a
release of physiological constraints on intracellular pH in bacteria (Lauber et al. 2009,
Bahram et al. 2018). The boost in richness of bacteria participating in decomposition
in limed soils could indicate a change in competitive dynamics between bacteria and
fungi. Declines in fungal:bacterial growth and fungal:bacterial biomass at higher pH
suggest that bacterial contributions to decomposition are greater at neutral pH than
acidic pH (Bååth et al. 1995, Rousk et al. 2009). We did not detect differences
between cumulative C respired from limed and control soils in the first 30 days after
adding leaf litter C. However, previous studies at Woods Lake suggest that C
mineralization in the field is affected over the long term as evidenced by decreases in
ligninolytic enzyme activity and soil basal respiration in response to liming, consistent
with accumulating C stocks (Melvin et al. 2013, Sridhar et al. Ch1). Because fungi are
considered primary decomposers of leaf litter (Tláskal et al. 2016, López-Mondéjar et
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al. 2018), the boost to bacterial incorporator richness may signify that bacterial
secondary and tertiary consumers benefit from liming. Fungal mycelial biomass that
pervades litter is an important pool of C for bacteria (Tláskal et al. 2016, LópezMondéjar et al. 2018), and other SIP studies support the idea that fungi may be the
first to access litter C, which subsequently moves through bacterial communities
(Koechli et al. 2019).
Liming altered the relative abundance of microbial groups associated with
multiple stages of decomposition. Ascomycota are presumed to be early stage litter
degraders that dominate the utilization of plant biomass (Voříšková and Baldrian
2013, López-Mondéjar et al. 2018). We found that Ascomycota were key mediators of
leaf litter degradation in the microcosms and were 24% less abundant in limed soil
relative to control. In particular, PG5, a phylogroup within the genus Trichoderma
contributed to this decline in early stage degraders. This Trichoderma phylogroup was
lower in relative abundance in limed soils in both lab microcosm and field settings.
Other members of genus Trichoderma have been reported as acidophilic, able to
produce lignocellulolytic enzymes including endoglucanases and laccases, and have
been associated with litter and fungal mycelium decomposition (Chakroun et al. 2010,
Steyaert et al. 2010, Peterson and Nevalainen 2012, Brabcová et al. 2017).
Trichoderma theobromicola was originally isolated as a leaf endosymbiont, and its
presence on oak leaves in this experiment demonstrate its importance as a
phyllosphere fungal decomposer (Samuels et al. 2006). As may be expected, several
bacteria and fungi present on the Q. robur leaves incubated without soil were detected
as 13C incorporators in our study, corroborating the participation of phyllosphere

116

communities in the early litter decomposition (Unterseher et al. 2013, Voříšková and
Baldrian 2013). As litter decomposition progresses towards later stages, increases
have been observed in the relative abundance of Basidiomycota, and in particular
basidiomycetous yeasts (Voříšková and Baldrian 2013). In our study one of the
dominant incorporators was a basidiomycetous yeast most closely related to Saitozyma
podzolica that benefitted from liming in lab and field settings. Known to be cellulose
decomposers, Saitozyma podzolica are abundant and ubiquitous basidiomycetes in
forest soils (Štursová et al. 2012, Mašínová et al. 2016). This suggests that liming may
alter the roles that fungal saprotrophs typically play in successive litter decomposition
and consequently, the flow of C though the detritusphere.
Liming also altered C flow through major bacterial channels. Rhizhobiales
phylogroup 4, comprising taxa related to Rhodoplanes spp., were less abundant in
limed soils in lab and field settings. Rhodoplanes is a genus of facultative
photoheterotrophic bacteria, commonly abundant in the DNA of forest soils, and is an
indicator of advanced stages of wood decomposition requiring low pH (Tláskal et al.
2017). They take up simple organic carbon substrates in aerobic conditions, which
explains their assimilation of leaf C and prominent role in decomposition in these soils
(Hiraishi and Ueda 1994). We also found that Actinobacteria that assimilate 13C from
13

C-oak leaves, were lower in abundance in limed soils compared to controls in both

lab and field settings. In other SIP studies, Actinobacteria frequently emerge as some
of the dominant degraders of plant-derived C among bacteria (Ai et al. 2015,
Gschwendtner et al. 2016). Actinobacteria phylogroups 1 and 2, which are yet to be
classified, accounted for almost a quarter of the bacterial community assimilating 13C
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in the lab microcosms and a fifth of the soil bacterial community in field soils (Sridhar
et al. Ch1). The relative abundance of these phylogroups was markedly lower in limed
soils at both time points in the incubation, and the direction and magnitude of their
response were consistent in both lab and field settings. Actinoallomurus and
Actinomadura spp. are cultivated close relatives of phylogroups 1 and 2 and are grampositive, mycelia-forming taxa that show a growth preference for acidic pH (4-5.5)
(Lee and Hwang 2002, Pozzi et al. 2019). Like many members of Actinobacteria,
Actinomadura are capable of decomposing xylan, cellulose, and lignin (Mason et al.
1988, Zimmermann and Broda 1989, Holtz et al. 1991, Schellenberger et al. 2009,
Verastegui et al. 2014, Yin et al. 2018). Actinoallomurus is a relatively new genus
from Actinomadura that are known to associate with ectomycorrhizal roots (Tamura et
al. 2009, Sakoda et al. 2019), and their decline could be related to the guild level
declines in ectomycorrhizae seen previously at Woods Lake (Sridhar et al. Ch1). In
previous work at this site, the relative abundance of these Actinobacteria ASVs were
connected to ligninolytic enzyme activity, making it plausible that these phylogroups
are important among the microbial community for the decomposition of complex plant
biopolymers (Roes-Hill et al. 2011, Sridhar et al. Ch1). We show that these
Actinobacteria play a significant role in C degradation in lab and field settings and are
negatively impacted by liming, making them prime candidates for further study of the
causes of C accumulation in the limed subcatchments of Woods Lake.
While disruption to plant-microbe interactions is one mechanism by which
liming may alter decomposition dynamics in the field, we did not expect to see
responses among mycorrhizal fungi due to the absence of plant roots in our
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microcosms. For example, the ectomycorrhizal genus Russula was among the most
abundant fungal responders in field soils and notably diminished in limed soils but
were absent from the community of leaf C incorporators in lab microcosms (Sridhar et
al. Ch1). However, contrary to expectations, a few uncharacterized taxa from typically
ectomycorrhizal genera such as Chloridium and Cenococcum became strongly labeled
in our experiment in the limed soils, confirming their assimilation of added leaf C.
Putatively ECM fungi have been known to assimilate C in SIP experiments, and the
existence of divergent pseudomycorrhizal lineages within these two genera could
explain this phenomenon (Wang and Wilcox 1985, Štursová et al. 2012, Obase et al.
2016). Cenococcum geophilum forms a mantle and Hartig net with melanized hyphae
and is one of the most commonly encountered and globally abundant ECM fungi
(Smith and Read 2008, Tedersoo et al. 2010, Spatafora et al. 2017). C. geophilum’s
genome contains a large number of genes involved in plant cell wall degradation
having recently diverged from saprotrophs (Peter et al. 2016). As such Cenococcum
spp. may have coincidentally assimilated C while mining for N or have switched to
saprotrophy in the absence of photosynthate supply through plant roots, a scenario
often deemed unlikely (Talbot et al. 2008, Lindahl and Tunlid 2014, Zak et al. 2019).
Whether ectomycorrhizae are considered mutualists or facultative saprotrophs alters
predictions of ecosystem function in plant-soil coupled C-cycle models (Moore et al.
2015). The fact that liming had contrasting effects on Cenococcum spp. incorporators
in the lab microcosms compared with their populations in the field underscores the
role of plant feedbacks to liming in soil C storage at this site. Nevertheless, in
combination with other changes in C flow through fungi and bacteria produced by
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liming, we show that plant roots are not required to produce differences in function
between limed and control microbial communities.

We show that differences in soil C stocks caused by liming at Woods Lake
correspond with changes in microbial community structure and function that alter C
allocation within the microbial food web. Our results identify fungal and bacterial
phylogroups that mediate litter decomposition, and that were negatively impacted by
liming. In particular, we observed that liming suppressed the involvement of
ascomycete taxa early in decomposition and increased bacterial access to litter C later
in decomposition. Over time, accumulation of C stocks could be due to suppression of
decomposition, or alteration of the microbial loop resulting in enhanced protection of
microbial products within the soil matrix. Over decadal timescales, such mechanisms
could generate the large differences in C stocks observed at Woods Lake.
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APPENDIX
CHAPTER 1
SUPPLEMENTARY MATERIAL

Supplementary Methods
Site Information and Field Sampling
The climate is characterized as temperate with a mean annual temperature of
5.28°C and a mean annual precipitation of 1230 mm 1. The forest is composed of
American beech (Fagus grandifolia), red maple (Acer rubrum), and yellow birch
(Betula alleghaniensis) dominating the canopy and a lesser amount of red spruce
(Picea rubens), sugar maple (Acer saccharum), and striped maple (Acer
pensylvanicum) 2. The soils are classified as Spodosols overlaying glacial sandy till
with a bedrock of hornblende granitic gneiss. Before liming Ca2+ was the dominant
base cation in the O horizon (>20-30% SOC), and after liming, calcium availability
also rose from 8.5 to 35 cmolc kg-1 and from 6 to 10 cmolc kg-1 in the Oe and Oa
horizons respectively 3.
After sampling, we placed samples into plastic bags and transported them on
ice back to Cornell University, storing them at 4°C for two days prior to sieving.
Following a 4 mm sieving to remove coarse roots and stones, we assayed samples for
microbial biomass and C mineralization rates. We stored subsamples for enzyme and
microbial community analyses at -80°C 4.
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Physicochemical analyses
Soil pH was measured on a 1:1 soil / deionized water slurry following 10 min
of equilibration using an Accumet basic AB15 pH meter with a flushable junction soil
probe. Soil samples were analyzed for concentrations of 27 elements including
Modified Morgan, Morgan, Mehlich I, or Mehlich III extractable Ca, Fe, K, Mg, Mn,
Mo, Na, P, S, and Zn by ICP-AES at the Cornell Nutrient Analysis Laboratory (Ithaca,
NY). Gravimetric moisture was assessed for each sample by calculating the difference
in weight between 1 g of fresh material and its weight after drying at 105°C for 24
hours. Water holding capacity of the organic soils was ascertained by comparing the
difference in soil weights when they were saturated with DI water and when they were
dried at 105°C for 24 hours.

Microbial respiration and microbial biomass
We estimated the active microbial biomass carbon (MBC) pool using the
substrate induced respiration (SIR) technique as per Fierer et al. (2003) 5. Three grams
dry weight soil were measured into 50 ml centrifuge tubes with caps made with
airtight septa. Next, four milliliters of autolysed yeast extract solution (12 g/L) was
added and tubes were shaken on a desktop shaker for 2 hours to allow the
microbiological media substrate to penetrate the soil matrix. The headspace was then
flushed with CO2-free air and incubated at atmospheric pressure and room temperature
for 4 hours, after which 2 ml of the headspace was extracted with a syringe and
injected into an infrared gas analyzer (LI- 6200, LI-COR, Lincoln, Nebraska, USA)
for measurements of CO2 concentrations. CO2 flux was calculated per unit dry weight
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soil and used to estimate microbial biomass C (MBC) as per Anderson and Domsch
(1978) 6.
Microbial respiration was ascertained as per Bradford et al. (2008) 7 using a
60-day incubation where soils were held at 60% water holding capacity and at 22°C.
Another set of three-gram soil microcosms were prepared in 50 ml centrifuge tubes
with caps made using airtight septa. Soil CO2 fluxes were sampled on days 1, 4, 10,
20, 30, 45, and 60. At each timepoint, we flushed the headspace with CO2–free air and
incubated the tubes at atmospheric pressure and room temperature for 15 hours. After
this, 2-ml of the headspace was extracted with a syringe and injected into an infrared
gas analyzer (LI- 6200, LI-COR, Lincoln, Nebraska, USA) for measurements of CO2
concentrations. CO2 flux was calculated per unit dry weight soil and per unit SIR
MBC to estimate the biomass specific mineralization rates for each sample. Specific
CO2 flux was integrated over 60 days to estimate the cumulative amount of C respired
by the microbial biomass in each sample (CRmass).

Extracellular Enzyme Activity Assays
Potential and microbial biomass-specific activities of extracellular enzymes
(descriptions in Table S1) were measured as per Panke-Buisse et al. (2015) 8, which is
a modified protocol based on Saiya-Cork et al. (2002) 9 and German et al. (2011) 10.
Potential and microbial biomass-specific activities of seven hydrolytic and two
oxidative enzymes were measured for seven hydrolytic enzymes, (a-glucosidase
(AG), β-xylosidase (BX), β-glucosidase (BG), cellobiohydrolase (CB), N-acetyl
glucosaminidase (NAG), leucine aminopeptidase (LAP), acid phosphatase (AP)), and
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two oxidative enzymes, polyphenol oxidase (POX), and peroxidase (PER)
(descriptions in Table S1). The hydrolytic enzyme activities were measured using
fluorescently labeled substrates 4-methylumbelliferone (MUB) and 7-amino-4methylcoumarin (AMC) at 200 µM. The oxidative enzyme activities were measured
spectrophotometrically using L-3,4-dihydroxyphenylalanine (25 mM) as the substrate.
Soil slurries were prepared by blending 2 g fresh soil with 100 ml of pH 5.0 sodium
acetate buffer (50mM) for 1 min. Sample plates were prepared by adding 200 µL of
soil slurry and 50 µL of appropriate substrates into wells of white or transparentbottom 96-well plates for either fluorimetric or absorbance based assays, respectively.
Standards were prepared by adding 200 µL of soil slurry with either 50 µL of MUB or
50 µL AMC standards (at 0, 2.5, 5, 10, 15, 25, 50, and 100 μM). Plates were incubated
in the dark at 23°C for 3 hours, and 10 μL of 1.0M NaOH was added to hydrolytic
plates to quench the reaction. Fluorescence was measured on a microplate reader
(BioTeK) with excitation wavelength at 365 nm and emission wavelength at 450 nm.
Oxidative enzyme plates consisted of a blank (250 μL buffer), an L-3,4dihydroxyphenylalanine blank (200 μL buffer + 50 μL L-3,4dihydroxyphenylalanine), a sample blank (200 μL soil slurry + 50 μL buffer), and the
sample wells (200 μL soil slurry + 50 μl L-3,4-dihydroxyphenylalanine). Peroxidase
incubations received 10 µL of 0.3% H2O2 solution. Absorbance was measured at
460 nm with the BioTek microplate reader after a 4-hr incubation. Potential activity
was calculated based on equations from Saiya-Cork et al. (2002) and normalized by
MBC to highlight shifts in microbial allocation strategies.
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16S rRNA gene and ITS region amplicon sequencing
Whole DNA was extracted from 0.3 g of each soil sample using the 96-well
PowerMag Microbiome RNA/DNA Isolation Kit (MO BIO Laboratories, Inc.,
Carlsbad, CA, USA) according to the manufacturer’s protocol. DNA was quantified
with Picogreen fluorescent dye using a λ DNA standard curve according to the
manufacturer’s protocol (Thermo Fisher Scientific, Inc., Waltham, MA, USA). All
pipetting for DNA extraction and normalization was conducted with a Hamilton
STARlet Liquid Handling System robot (Hamilton Robotics, Reno, USA). Triplicate
polymerase chain reactions (PCR) were used to amplify the 16S rRNA gene (bacteria)
and hypervariable internal transcribed region (ITS) of the 18S rRNA gene (fungi)
from soil DNA extracts. Dual-indexed, custom barcoded amplicon libraries were
generated for bacteria and fungi according to methods by Kozich et al. (2013) 11 and
Koechli et al. (2019) 12 respectively. PCR primers targeted the bacterial/archaeal 16S
rRNA gene V4 region (515 F / 806 R) and the fungal ITS region (modified nBITS2 F /
58A2 R; see Koechli et al. 2019). Triplicate amplified samples were pooled,
normalized, and purified using SequalPrep Normalization Plates (Applied Biosystems,
Norwalk, CT). Multiplexed samples were combined and sequenced at the Cornell Life
Sciences Sequencing Core on a single lane of Illumina using the MiSeq (2 x 250 bp)
platform. Sequences were demultiplexed, quality processed, and assigned to amplicon
sequence variants (ASVs) using QIIME2 13 with the built-in DADA2 pipeline 14. A notemplate control was processed identically, and all ASVs present in this control were
removed as contaminants. Taxonomic classification was performed using the Naive
Bayes classifiers (‘q2-feature-classifier’) packaged with QIIME2 Greengenes database
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for 16S rRNA genes (15; version: gg_13_8_99) and the UNITE database for ITS 16;
version: unite_ver7.99_20.11.2016). FUNGuild was used to assign ITS ASVs to
functional guilds based on taxonomic classification 17. Following the filtering of
contaminants, singletons, and low abundance doubletons, 94.2% of total 16S rRNA
gene sequences remained (nfiltered = 2,155,006), comprising 2828 bacterial ASVs, and
88.8% of all ITS sequences remained after filtering (nfiltered = 1,971,460), comprising
3826 fungal ASVs.

Identification of secretion signal-bearing oxidases in genomes of major taxa
All publicly available genomes were downloaded (on July 1st, 2020) for the
genera Solicoccozyma (NCBI TaxID: 1851575; n = 3), Actinomadura (ID: 1988; n =
67), and Cenococcum (5569; n = 1). The closest relative of Cenococcum with an
available genome, Glonium stellatum (574774; n = 1), was included to increase the
sample size. Open-reading frames were predicted with Prodigal (v2.6.2) 18. Lignindegrading oxidative enzymes were annotated with hmmsearch 19 using Hidden Markov
models supplied by Wilhelm et al. (2019) 20 for laccases, aryl alcohol oxidases and
dye-decoloring peroxidases. Secreted proteins were identified based on signal peptide
sequence predictions from SignalP-5.0 21 with a threshold of pother < 0.05. For fungal
genomes, Prodigal is only capable of predicting single-exon genes and, thus, there is a
degree of uncertainty in our annotations of fungal genomes 22 (Table S6).
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Figure S1 Relative abundances of high abundance (A) fungal and (B) bacterial at
the family level where available, in limed and control soils in the two horizons.
Differences between treatment means (±SE) within horizons significant at ⍺ = 0.05
are marked with “*” (nrep = 40).
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Figure S2 (A) Fungal and (B) bacterial genera containing ASVs that responded
strongly to liming, ranked by their abundance. The response ratio is negative when
average abundances in limed soils is smaller than in the control soils and positive
otherwise and the magnitude is the ratio of the average relative abundances. Only
the ten most abundant responder ASVs are shown here, colored by the phylum they
belong to.
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Figure S3 Relative abundances of (A) fungi and (B) bacteria among treatments at
the phylum level. Differences between treatment means (±SE) within horizons
significant at ⍺ = 0.05 are marked with “*” (nrep = 40).
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Figure S4 Distance tree for Streptosporangiales ASVs that respond negatively to
liming and increasing pH.
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Table S1 Description of enzymes assayed adapted from German et al. (2011)
Enzyme

Purpose

Laboratory substrate

a-glucosidase (AG)

Breaks down starch catalyzing
the hydrolysis of terminal,
non-reducing 1,4-linked a-Dglucose residues, releasing aD-glucose

4-methylumbelliferyl-αd-glucoside

Acid phosphatase
(AP)

Mineralizes organic P into
4- methylumbelliferyl phosphate by hydrolyzing
phosphate
phosphoric (mono) ester bonds

β-glucosidase (BG)

Catalyzes the hydrolysis of
terminal 1,4-linked b-Dglucose residues from b-Dglucosides, including short
chain cellulose oligomers

4- methylumbelliferyl b-D-glucopyranoside

Cellobiohydrolase
(CB)

Catalyzes the hydrolysis of
1,4-b-D-glucosidic linkages in
cellulose and cellotetraose,
releasing cellobiose

4- methylumbelliferyl b-D-cellobioside

β-Xylosidase (BX)

Releases xylose from short
xylan chains

4- methylumbelliferyl b-D-xylopyranoside
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Table S1 (Continued)
N-acetyl
Catalyzes the hydrolysis of
4- methylumbelliferyl glucosaminidase
terminal 1,4 linked N-acetylN-acetyl-b-D(NAG)
beta-D-glucosaminide residues glucosaminide
in chitin derived oligomers

Leucine
aminopeptidase
(LAP)

Phenol Oxidase
(POX)

Peroxidase (PER)

Catalyzes the hydrolysis of
leucine and other amino acid
residues from the N-terminus
of peptides. Amino acid
amides and methyl esters are
also readily hydrolyzed by this
enzyme.
Oxidizes benzenediols to
semiquinones with O2

L-Leucine-7-amido-4methylcoumarin
hydrochloride

Catalyzes oxidation of lignin
substrates via the reduction of
H2O2.

3, 4 – Dihydroxy-Lphenylalanine and 2,2'azino-bis (3ethylbenzothiazoline-6sulphonic acid)
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3, 4 – Dihydroxy-Lphenylalanine and 2,2'azino-bis (3ethylbenzothiazoline-6sulphonic acid)

Table S2 Soil elemental variables (mean ± standard error) measured in the two
forest floor horizons in limed and control watersheds (n = 40). Within horizon test
were carried out at ⍺ = 0.05.

Soil Property

Control

Limed

P value

Oe

3.51±0.1

3.59±0.1

0.816

Oa

2.31±0.2

2.75±0.2

0.152

Oe

37.1±2.9

37.7±2.3

0.631

Oa

30.2±2.3

26.4±1.8

0.342

Oe

4541±788

5016±1249

0.503

Oa

5260±819

4968±568

0.447

Oe

455±17.8

505±23

0.211

Oa

358±17.2

352±22.6

0.667

Oe

463±72.8

544±103

0.66

Oa

264±89.7

432±149

0.15

Oe

977±56.3

979±63.7

0.995

Oa

786±56

796±63.2

0.92

Oe

71±9.7

69.5±8.7

0.917

Oa

70.3±6

88.1±6.2

0.172

Oe

79.2±10.4

118±18.8

0.064

Oa

65.8±7.5

86.1±15.9

0.252

Soil moisture (g/g soil)

Cu (mg/kg soil)

Fe (mg/kg soil)

K (mg/kg soil)

Mn (mg/kg soil)

P (mg/kg soil)

Pb (mg/kg soil)

Zn (mg/kg soil)

145

Table S3 Statistical testing of differences in bacterial (A) and fungal (B) community
composition according to experimental variables with PERMANOVA based on
Bray-Curtis dissimilarities (nperm = 999). EA.axis1 represents the first PCoA axis
of 25 elemental concentrations.
A: PERMANOVA FOR BACTERIA
Variables Df SumsOfSqs
MeanSqs
F.Model
horizon
1
3.395
3.395
15.277
pH
1
3.236
3.236
14.565
SIR
1
0.413
0.413
1.860
plot
1
0.326
0.326
1.468
AG
1
0.266
0.266
1.196
AP
1
0.334
0.334
1.502
BG
1
0.300
0.300
1.351
BX
1
0.434
0.434
1.954
CB
1
0.434
0.434
1.955
LAP
1
0.290
0.290
1.306
NAG
1
0.348
0.348
1.565
POX
1
0.394
0.394
1.771
PER
1
0.443
0.443
1.994
Ca
1
0.352
0.352
1.584
EA.axis1 1
0.240
0.240
1.082
Residuals 73
16.221
0.222
Total
88
27.426
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R2
0.124
0.118
0.015
0.012
0.010
0.012
0.011
0.016
0.016
0.011
0.013
0.014
0.016
0.013
0.009
0.591
1.000

P value
0.001
0.001
0.039
0.111
0.232
0.093
0.146
0.029
0.030
0.157
0.065
0.040
0.029
0.069
0.297

Table S3 (Continued)
Variables
horizon
plot
pH
SIR
AG
AP
BG
BX
CB
LAP
NAG
POX
PER
Ca
EA.axis1
Residuals
Total

Df
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
72
87

B: PERMANOVA FOR FUNGI
SumsOfSqs MeanSqs
F.Model
2.305
2.305
8.666
0.437
0.437
1.643
2.073
2.073
7.796
0.449
0.449
1.687
0.301
0.301
1.133
0.244
0.244
0.918
0.548
0.548
2.059
0.407
0.407
1.529
0.313
0.313
1.176
0.597
0.597
2.246
0.367
0.367
1.381
0.615
0.615
2.313
0.610
0.610
2.293
0.466
0.466
1.752
0.348
0.347
1.307
19.149
0.266
29.228
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R2
0.079
0.015
0.071
0.015
0.010
0.008
0.019
0.014
0.011
0.020
0.013
0.021
0.021
0.016
0.012
0.655
1.000

P value
0.001
0.040
0.001
0.021
0.272
0.573
0.006
0.043
0.240
0.004
0.090
0.003
0.002
0.019
0.152
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Table S4 (Continued)

150
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Table S5 (Continued)

Table S6 Secretion-signal bearing oxidases in genomes of major taxa
# of secretionNCBI Assembly
Domain
Species
signal bearing
Accession
oxidases
Bacteria
Actinomadura rifamycini
3
GCF_000425065.1
Bacteria
Actinomadura oligospora
3
GCF_000518265.1
Bacteria Actinomadura sp. NEAU-G17
3
GCF_003428695.1
Bacteria Actinomadura sp. WAC 06369
3
GCF_003947565.1
Bacteria
Actinomadura montaniterrae
3
GCF_008923365.1
Bacteria
Actinomadura fibrosa
3
GCF_900659615.1
Bacteria
Actinomadura kijaniata
2
GCF_001552175.1
Bacteria
Actinomadura rubrobrunea
2
GCF_001552235.1
Bacteria
Actinomadura viridilutea
2
GCF_003001795.1
Bacteria
Actinomadura umbrina
2
GCF_003386555.1
Bacteria
Actinomadura amylolytica
2
GCF_003589885.1
Bacteria Actinomadura sp. NEAU-Ht49
2
GCF_003696215.1
Bacteria Actinomadura sp. NEAU-AAG5
2
GCF_009733595.1
Bacteria
Actinomadura sp. J1-007
2
GCF_009793335.1
Bacteria Actinomadura verrucosospora
2
GCF_013211575.1
Bacteria
Actinomadura madurae
1
GCA_000715965.1
Bacteria
Actinomadura parvosata
1
GCA_900323885.1
Bacteria
Actinomadura formosensis
1
GCF_001552155.1
Bacteria
Actinomadura sp. 7K534
1
GCF_004348575.1
Bacteria
Actinomadura geliboluensis
1
GCF_005889745.1
Bacteria
Actinomadura rudentiformis
1
GCF_008923185.1
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Table S6 (Continued)
Bacteria

Actinomadura sp. LD22

1

GCF_008923205.1

Bacteria

Actinomadura sp. LD22

1

GCF_008923205.2

Bacteria

Actinomadura sp. RB68

1

GCF_009604375.1

Bacteria

Actinomadura bangladeshensis

1

GCF_010548065.1

Bacteria

Actinomadura echinospora

1

GCF_900108175.1

Bacteria

Actinomadura formosensis

1

GCF_900659625.1

Bacteria

Actinomadura roseirufa

1

GCF_900659635.1

Bacteria

Actinomadura citrea

0

GCA_013409045.1

Bacteria

Actinomadura luteofluorescens

0

GCA_013409365.1

Bacteria

Actinomadura flavalba

0

GCF_000374305.1

Bacteria

Actinomadura atramentaria

0

GCF_000381885.1

Bacteria

Actinomadura madurae

0

GCF_000468475.2

Bacteria

Actinomadura chibensis

0

GCF_001552135.1

Bacteria

Actinomadura latina

0

GCF_001552195.1

Bacteria

Actinomadura macra

0

GCF_001552215.1

Bacteria

Actinomadura hibisca

0

GCF_001552635.1

Bacteria

Actinomadura sp. CNU-125

0

GCF_001942465.1

Bacteria

Actinomadura sp. RB29

0

GCF_002911665.1

Bacteria

Actinomadura sp. LHW63021

0

GCF_003289645.1

Bacteria

Actinomadura sp. LHW52907

0

GCF_003432485.1

Bacteria

Actinomadura pelletieri

0

GCF_003634705.1

Bacteria

Actinomadura bangladeshensis

0

GCF_004348335.1

Bacteria

Actinomadura sp. 7K507

0

GCF_004348425.1

Bacteria

Actinomadura sp. KC345

0

GCF_004348515.1

Bacteria

Actinomadura sp. KC216

0

GCF_004348535.1
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Table S6 (Continued)
Bacteria

Actinomadura sp. GC306

0

GCF_004348665.1

Bacteria

Actinomadura sp. KC06

0

GCF_004348735.1

Bacteria

Actinomadura sp. H3C3

0

GCF_004349215.1

Bacteria

Actinomadura darangshiensis

0

GCF_004349235.1

Bacteria

Actinomadura sp. 6K520

0

GCF_004349245.1

Bacteria

Actinomadura sp. 14C53

0

GCF_005889715.1

Bacteria

Actinomadura sp. WMMA1423

0

GCF_006547145.1

Bacteria

Actinomadura hallensis

0

GCF_006716765.1

Bacteria

Actinomadura chibensis

0

GCF_008085895.1

Bacteria

Actinomadura syzygii

0

GCF_008085905.1

Bacteria

Actinomadura sp. CYP1-5

0

GCF_008121305.1

Bacteria

Actinomadura sp. K4S16

0

GCF_008327685.1

Bacteria

Actinomadura rayongensis

0

GCF_009831215.1

Bacteria

Actinomadura sp. DSM 109109

0

GCF_010491635.1

Bacteria

Actinomadura latina

0

GCF_012396395.1

Bacteria

Actinomadura sp. NAK00032

0

GCF_013364275.1

Bacteria

Actinomadura sp. BRA 177

0

GCF_013372625.1

Bacteria

Actinomadura madurae

0

GCF_900115095.1

Bacteria

Actinomadura mexicana

0

GCF_900188105.1

Bacteria

Actinomadura meyerae

0

GCF_900188445.1

Bacteria

Actinomadura madurae

0

GCF_900445005.1

Fungi

Cenococcum geophilum

1

GCA_001692895.1

Fungi

Glonium stellatum

1

GCA_001692915.1

Fungi

Solicoccozyma phenolica

0

GCA_001600015.1

Fungi

Solicoccozyma terricola

0

GCA_001600875.1

Fungi

Solicoccozyma terricola

0

GCA_001712455.1
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Figure S1 Mean ± SE SIR microbial biomass C at the short-term site (pretreatment and 2 years after liming) and long-term site (25 years after liming)
summarized by horizon. Significant pairwise differences within time-scale and
horizon groupings are denoted by lettering (Tukey HSD; ‘*’ Padj ≤ 0.05, ‘**’ Padj ≤
0.01, ‘***’ Padj ≤ 0.001).
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Figure S2 Acidophilic bacteria were negatively impacted by liming in short-term
(2 years) and long-term (25 years). Panel below shows the pH at which ASVs
found in this study are found globally. Data on global soil sample pH are from the
Earth Microbiome Project database. Significant pairwise differences within timescale and horizon groupings are denoted by lettering (Tukey HSD; ‘*’ Padj ≤ 0.05,
‘**’ Padj ≤ 0.01, ‘***’ Padj ≤ 0.001).
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Figure S3 Ectomycorrhizal populations including Amanita, Russula, and
Cenococcum were negatively impacted by liming in the short- (2 years) and longterm (25 years), while Laccaria populations increased at the short-term site.
Significant pairwise differences within time-scale and horizon groupings are
denoted by lettering (Tukey HSD; ‘*’ Padj ≤ 0.05, ‘**’ Padj ≤ 0.01, ‘***’ Padj ≤
0.001).
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Figure S4 The relative abundance of phylum Ascomycota was lower in limed soils
at both short-term (2 years) and long-term (25 years) sites. Significant pairwise
differences within time-scale and horizon groupings are denoted by lettering
(Tukey HSD; ‘*’ Padj ≤ 0.05, ‘**’ Padj ≤ 0.01, ‘***’ Padj ≤ 0.001).
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Figure S5 Members of Rhizobiales were relatively more abundant in limed soils in
the short-term (2 years) and long-term (25 year) sites. Significant pairwise
differences within time-scale and horizon groupings are denoted by lettering
(Tukey HSD; ‘*’ Padj ≤ 0.05, ‘**’ Padj ≤ 0.01, ‘***’ Padj ≤ 0.001).
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Figure S6 Members of Bacteroidetes (AB), Proteobacteria (C), and
Planctomycetes (D) that were favored by liming in short-term (2 years) and longterm (25 years). These bacteria were associated with cellulose and xylose
degradation in stable isotope probing experiments (Data from Koechli et al. in
prep). Significant pairwise differences within time-scale and horizon groupings are
denoted by lettering (Tukey HSD; ‘*’ Padj ≤ 0.05, ‘**’ Padj ≤ 0.01, ‘***’ Padj ≤
0.001).
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Table S1 Statistical testing of pre-treatment differences in sample community
composition between to-be-limed and control subcatchments at the short-term
site with PERMANOVA based on Bray-Curtis dissimilarities (nperm = 999).

A: Pre-treatment PERMANOVA for Fungi at Short-term site
Variable

Df

SumsOfSqs

MeanSqs F.Model R2

P

treatment

1

0.893

0.89333

2.8885

0.027

0.0009 ***

plot

4

3.59

0.89744

2.9017

0.108

0.0009 ***

horizon

1

1.561

1.56086

5.0468

0.047

0.0009 ***

Residuals 87

26.907

0.30928

0.81658

Total

32.951

1

93

Sig.

B: Pre-treatment PERMANOVA for Bacteria at Short-term site
Variable

Df

SumsOfSqs

MeanSqs F.Model R2

P

treatment

1

0.3744

0.3744

2.874

0.021

0.0059 **

plot

4

0.953

0.2383

1.828

0.055

0.0049 **

horizon

1

4.3204

4.3204

33.156

0.252

0.0009 ***

Residuals 88

11.4669

0.1303

0.67

Total

94

17.1148

1

Significance
codes

‘***’

0.001 ‘**’

0.01 ‘*’

161

Sig.

0.05 ‘.’

Table S2 Statistical testing of treatment differences in sample community
composition between limed and control subcatchments at the short-term and longterm site with PERMANOVA based on Bray-Curtis dissimilarities (nperm =
999).
A: Post-treatment PERMANOVA for Fungi at Short-term site
Variable Df SumsOfSqs MeanSqs F.Model R2
P
treatment
1
1.211
1.21068
3.555 0.034 0.0009
plot
4
3.319
0.82984
2.4367 0.094 0.0009
horizon
1
1.308
1.30757
3.8395 0.037 0.0009
Residuals
86
29.288
0.34056
0.83381
Total
92
35.126
1
B: Post-treatment PERMANOVA for Bacteria at Short-term site
Variable Df SumsOfSqs MeanSqs F.Model R2
P
treatment
1
0.515
0.515
2.8288 0.024 0.0019
plot
4
1.3961
0.349
1.9171 0.065 0.0009
horizon
1
3.4562
3.4562
18.9846 0.162 0.0009
Residuals
87
15.8388
0.1821
0.7469
Total
93
21.2061
1

162

Sig.
***
***
***

Sig.
**
***
***

Table S2 (Continued)
C: Post-treatment PERMANOVA for Fungi at Long-term site
Variable Df
SumsOfSqs MeanSqs F.Model R2
P
treatment
1
1.863
1.8628
5.1647 0.03 0.0009
watershed
2
1.874
0.9372
2.5984 0.03 0.0009
plot
4
2.581
0.6451
1.7887 0.04 0.0009
horizon
1
3.512
3.5125
9.7383 0.05 0.0009
Residuals
142
51.217
0.3607
0.83897
Total
150
61.047
1
D: Post-treatment PERMANOVA for Bacteria at Long-term site
Variable Df
SumsOfSqs MeanSqs F.Model R2
P
treatment
1
2.083
2.0829
8.22 0.04 0.0009
watershed
2
1.186
0.5932
2.3 0.02 0.0019
plot
4
1.423
0.3558
1.406 0.03 0.0179
horizon
1
6.98
6.9801
27.58 0.15 0.0009
Residuals
135
34.166
0.2531
0.745
Total
143
45.839
1
Significance ‘***’
0.001 ‘**’
0.01 ‘*’
0.05
codes

163

Sig.
***
***
***
***

Sig.
***
**
*
***

‘.’

Table S3 Analysis of Similarity (ANOSIM) of microbial community composition
between limed and control subcatchments at the short- and long-term site (nperm
= 999).
Post-treatment short-term site | Oa | Fungi
ANOSIM R:
-0.0011 Significance:
0.402
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0371
0.0559
0.076 0.0922
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
1
237.5
451
680.75
control_post
5
231.5
507
733
limed_post
4
197.5
404.5
620.25

100% N
903
462
902
231
899
210

Post-treatment short-term site | Oe | Fungi
ANOSIM R:
0.1598 Significance:
0.002 **
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0379
0.0569
0.0795
0.104
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
1
360
614
814.5
control_post
3
182
450
874.25
limed_post
2
210.5
421
762

100% N
1081
550
1077
300
1064
231
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Table S3 (Continued)
Post-treatment short-term site | Oa | Bacteria
ANOSIM R:
-0.0246 Significance:
0.856
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0326
0.05
0.0655 0.0836
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
1
254.5
510.5
774.25
control_post
4
267.5
571.5
836.5
limed_post
5
266.5
487
712

100% N
1033
528
1035
276
1008
231

Post-treatment short-term site | Oe | Bacteria
ANOSIM R:
0.06799 Significance:
0.02 *
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0333
0.0464
0.0633 0.0823
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
4
319.5
604
835
control_post
1
182.75
412
840.5
limed_post
5
355
633
867

100% N
1128
575
1120
300
1121
253
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Table S3 (Continued)
Post-treatment long-term site | Oa | Fungi
ANOSIM R:
0.5576 Significance:
0.001 ***
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0251
0.0363
0.0499 0.0622
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
8
1291
1975
2440.5
control
1
423
908
1527
limed
7
443.75
952 1511.25
Post-treatment long-term site | Oe | Fungi
ANOSIM R:
0.7502 Significance:
0.001 ***
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0253
0.0378
0.0505 0.0667
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
2
1513.5 2034.5 2419.25
control
1
385
806
1250
limed
3
371.75
782.5 1291.75
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100% N
2850 1443
2818
741
2668
666

100% N
2775 1404
2192
741
2573
630

Table S3 (Continued)
Post-treatment long-term site | Oa | Bacteria
ANOSIM R:
0.03782 Significance:
0.055
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0275
0.0392
0.0528 0.0683
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
2
722
1399
2055
control
1
500
1069
1717
limed
12
889.5
1687
2293.5
Post-treatment long-term site | Oe | Bacteria
ANOSIM R:
0.2233 Significance:
0.001 ***
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.027
0.041
0.0544 0.0707
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
1
779
1398
1937
control
2
408.5
927.5 1574.75
limed
3
532.25
1081
1665.5
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100% N
2700 1365
2683
741
2701
595

100% N
2415 1221
2385
528
2409
666

Table S3 (Continued)
Pre-treatment short-term site | Oa | Fungi
ANOSIM R:
-0.0217 Significance:
0.761
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0406
0.0619
0.0797
0.107
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
1
271.25
529.5
797.75
control_pre
5
284.75
569.5
839.5
limed_pre
2
262.5
534
789

100% N
1080
550
1081
300
1075
231

Pre-treatment short-term site | Oe | Fungi
ANOSIM R:
-0.0137 Significance:
0.655
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0335
0.0505
0.0664 0.0852
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
1
260.25
538.5
801.25
control_pre
2
271.25
506.5
790
limed_pre
8
298
571
843

100% N
1080
552
1077
276
1081
253
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Table S3 (Continued)
Pre-treatment short-term site | Oa | Bacteria
ANOSIM R:
0.08225 Significance:
0.012 *
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.0338
0.0482
0.0649 0.0846
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
4
318.25
578.5
818.75
control_pre
2
214.5
445.5
789.25
limed_pre
1
278
563
802

100% N
1081
550
1079
300
1055
231

Pre-treatment short-term site | Oe | Bacteria
ANOSIM R:
0.2156 Significance:
0.001 ***
Upper quantiles of permutations (null model):
90%
95%
97.50%
99%
0.032
0.0465
0.058 0.0694
Dissimilarity ranks between and within classes:
0%
25%
50%
75%
Between
2
384.5
661
878.5
control_pre
1
196.75
433
721.5
limed_pre
5
229
487
848

100% N
1127
575
1128
300
1098
253
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SUPPLEMENTARY MATERIAL

Figure S1 Photographs showing leaf substrates decomposing in one microcosm
containing Oe horizon control soils over 40 days of incubation.
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Limed Oe
Control Oe
Limed Oa
Control Oa

12

}

13

C

C controls

Figure S2 Cumulative 13C respiration from microcosms as a percent of added
labeled and unlabeled leaf C over 27 days. Mean and standard deviation are shown
with nrep = 4 for the first 14 days, and nrep = 2 for the final three time points after
half the samples were destructively harvested. Each microcosm received 6 g leaf
fragments per gram dry wt. soil.
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Figure S3 Canonical correspondence analysis ordinations of (A) bacterial (16S) and
(B) fungal (ITS) sequence composition in gradient fractions. Dissimilarity in
sequence composition was quantified using the Bray-Curtis metric. Sample points
are fractions coded by treatment, horizon, time, and isotope. (C) and (D) show the
same ordination for bacteria and fungi respectively with sample points colored by
isotope instead of treatment
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Figure S4 (A) Bacterial and (B) fungal ASVs that showed large changes in
differential abundance in limed soils relative to control soils. ASVs with log2 fold
change ³ 1or £ -1 in limed relative to control are shown, with leaf 13C labeled
incorporator ASVs highlighted in black. Panels on the right show their relative
abundance in the heavy fractions in control and limed soils.
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Agaricomycetes

Leotiomycetes

Archaeorhizomycetes

Sordariomycetes

Dothideomycetes

Tremellomycetes

Eurotiomycetes

unidentified

Figure S5 Degree of 13C incorporation of (A) bacterial and (B) fungal incorporators
represented by the increase in their sequence counts in soils amended with 13Clabeled oak leaves compared to that in soils amended with 12C oak leaves. The
results of this differential abundance analysis in control soils on the x axis are
plotted against the same conducted in limed soils on the y axis, across time points
and horizons. Points represent incorporator ASVs, are colored by the class they
belong to, and jittered by 1 unit for clarity. The range of 13C leaf incorporation in
control soils only is annotated by black ellipse and the range in limed soils only is
annotated by a blue ellipse with black bars representing median levels of
incorporation. ASVs that incorporated 13C from leaves in both control and limed
soils are outside the ellipses.
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S6 Boxplots showing the degree of C leaf incorporation in Chitinophagia
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control soils across (A) bacterial and (B) fungal classes at early (Day 15) and late
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increase in ASV counts in 13C heavy fractions relative to 12C heavy fractions.
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Figure S5 (Continued)
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Figure S6 Boxplots showing the degree of 13C leaf incorporation in limed vs
control soils across (A) bacterial and (B) fungal classes at early (Day 15) and late
(Day 40) time points across both horizons combined. Y-axis shows log2 fold
increase in ASV counts in 13C heavy fractions relative to 12C heavy fractions.
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Figure S7 Monophyletic clades of incorporators (phylogroups) within order
Streptosporangiales. Insets show representatives within these phylogroups’
phylogenetic placement using distance-based clustering of sequences based on
alignment similarity scores relative to the query generated using the BLASTn 16S
ribosomal RNA sequence database.
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Figure S8 Monophyletic clade of incorporators (phylogroup) within order
Burkholderiales. Insets show representatives within these phylogroups’
phylogenetic placement using distance-based clustering of sequences based on
alignment similarity scores relative to the query generated using the BLASTn 16S
ribosomal RNA sequence database.
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Figure S9 Monophyletic clade of incorporators (phylogroup) within order
Rhizobiales. Insets show representatives within these phylogroups’ phylogenetic
placement using distance-based clustering of sequences based on alignment
similarity scores relative to the query generated using the BLASTn 16S ribosomal
RNA sequence database
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Figure S10 Monophyletic clade of incorporators (phylogroup) within class
Sordariomycetes. Insets show representatives within these phylogroups’
phylogenetic placement using distance-based clustering of sequences based on
alignment similarity scores relative to the query generated using the BLASTn ITS
from Fungi database.
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Figure S11 Comparison of the response of an unclassified ectomycorrhizal ASV in
genus Cenococcum to liming shown by their relative abundance when amended
with oak leaf fragments (Lab) and their relative abundance in field samples
collected in Sridhar et al. Ch1 (Field). Error bars in field data reflect replication
across multiple treated subcatchments

.
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Figure S12 The phylogenetic placement of ASV_2, an unclassified
Tremellomycetes, using distance-based clustering of sequences based on alignment
similarity scores relative to the query generated using the BLASTn ITS from Fungi
database.
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Figure S13 Average relative abundance of ASVs classified into (A) Ectomycorrhizal
(ECM), (B) Pathogenic, and (C) Saprotrophic guilds by FUNGuild over treatment and
horizon in SIP experiment. Only probable, highly probably, and unambiguous guild
classifications were included. Significant within-horizon treatment differences are
marked by * (P < 0.05).
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Table S1 PERMANOVA results for Bray-Curtis distance of gradient fraction
compositions
(A) PERMANOVA for bacteria
Df
Treatment
Horizon
Time
Isotope
Buoyant_density

Residuals
Total
Treatment
Horizon
Time
Isotope
Buoyant_density

Residuals
Total

1
1
1
1
66
77
147

SumsOfSqs MeanSqs F.Model
3.271
3.2706
23.604
5.151
5.1513
37.177
1.093
1.0927
7.886
1.584
1.5842
11.433
13.136
0.199
1.436
10.669
0.1386
34.904

R2
0.09
0.147
0.031
0.045
0.376
0.305
1

P
0.001
0.001
0.001
0.001
0.001

Sig.
***
***
***
***
***

1
1
1
1
66
77
147

(B) PERMANOVA for fungi
5.248
5.2482
33.725
1.907
1.9071
12.255
0.938
0.9382
6.029
5.083
5.0827
32.661
12.143
0.184
1.182
11.983
0.1556
37.302

0.140
0.051
0.025
0.136
0.325
0.321
1

0.001
0.001
0.001
0.001
0.025

***
***
***
***
*
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Table S2 PERMANOVA results for Bray-Curtis distances of incorporators in prefractionated DNA

Treatment
Horizon
Time
Isotope
Residuals
Total
Treatment
Horizon
Time
Isotope
Residuals
Total

Df
1
1
1
1
11
15
1
1
1
1
11
15

PERMANOVA for bacteria
SumsOfSqs
MeanSqs
F.Model
R2
P
Sig.
0.44597
0.44597
3.9986 0.18 0.002 **
0.44941
0.44941
4.0294 0.19 0.001 ***
0.09378
0.09378
0.8409 0.04
0.55
0.20186
0.20186
1.8099 0.08
0.09 .
1.22685
0.11153
0.50741
2.41788
1
(B) PERMANOVA for fungi
0.6232
0.6232
7.6375
0.47849
0.47849
5.864
0.12865
0.12865
1.5766
0.56454
0.56454
6.9185
0.89758
0.0816
0.33337
2.69246
1
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0.23
0.18
0.05
0.21

0.001 ***
0.001 ***
0.166
0.001 ***
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