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Abstract
Manganese (Mn) has been identi�ed as a regulatory bottleneck in carbon (C) turnover because of its role as an enzymatic
co-factor in the oxidative decomposition of C by Mn-peroxidase (MnP). We tested this limit on decay using forest soils from
coastal British Columbia with contrasting Mn concentrations. Moderately weathered soils (Brunisols) had an average 3.6-
fold increase in MnP activity within the upper soil pro�le in comparison to highly weathered Podzols. Ordination of the
Agaricomycete fungal community, which are responsible for MnP production, con�rmed signi�cant differences in
assemblages between soil types for saprotrophic fungi, particularly species within Agaricales, Trechisporales and
Auriculariales. Ectomycorrhizal fungi of Pseudotsuga menziesii were equally aligned with soil type and select taxa more
abundant on Brunisols may have supplemented MnP activity. A laboratory incubation with an Mn amendment produced
signi�cant interactions in MnP activity by soil type. Surprisingly, MnP activity of both Brunisol substrates declined
substantially with an amendment (-56% and − 40% for forest �oor and mineral soil, respectively), in contrast to Podzols
(-30% and + 26%, respectively). This inhibitory response was linked to considerable uptake of the added Mn in Brunisols,
and underscores how Mn2+ likely operates directly on fungi as a regulator of mnp transcription for MnP production. Our
study highlights a new perspective concerning the abiotic drivers underpinning the expansive soil C stocks across perhumid
temperate rainforests of the Paci�c Northwest.

Introduction
Empirical models of soil organic carbon (SOC) turnover and sequestration are increasingly recognizing an important role for
manganese (Mn2+), which is a co-factor for an enzyme, Mn-peroxidase (MnP), involved in oxidative decomposition of
organic matter (Berg et al. 2015; Stendahl et al. 2017; Keiluweit et al. 2015; Jones et al. 2020). Mn-peroxidases and other
class II secretory fungal peroxidases are produced almost exclusively by fungi from the class Agaricomycete, a large and
diverse group that includes both free living saprotrophic and symbiotic ectomycorrhizal species (Morgenstern et al. 2008;
Floudas et al. 2012; Kellner et al. 2014). The apparent gains in SOC with diminishing Mn availability is of interest both in
better understanding abiotic mechanisms in�uencing decomposition (Rasmussen et al. 2018), and because enhanced
sequestration of SOC is an important mitigation strategy in combatting climate change (Lal 2004). Widespread increases in
SOC could in theory greatly offset greenhouse gas CO2 emissions, and a large effort is collectively underway to examine
how land use and management practices, such as afforestation, tree species selection and retention of harvest residues,
might in�uence soil C stocks (Jandl et al. 2007; Jastrow et al. 2007; Mayer et al. 2020). More direct interventions, such as
applications of biochar or crushed basalt to soils, have also drawn attention for their potential in enhancing SOC storage
(Beerling et al. 2018). As a potential key driver of decomposition and organic matter accumulation it is therefore worth
considering whether management systems affecting Mn availability might prove to be another avenue for in�uencing SOC
sequestration.

The initial evidence for the role of Mn in SOC cycles came from litter decomposition studies where mass loss rates were
positively correlated to initial Mn concentrations of needles and leaves (Berg et al. 1996; Berg et al. 2010). Across northern
latitudes there is further correlative evidence that SOC accumulation, particularly organic horizons (forest �oors), increases
with declining exchangeable Mn (Stendahl et al. 2017; Kranabetter 2019; Andrieux et al. 2020). In landscapes with
substantial nitrogen (N) pollution and poorly-buffered soils, such as parts of the eastern United States, the enhanced
accumulation of SOC observed with N deposition has similarly been linked to a reduction in Mn availability (van Diepen et
al. 2015; Whalen et al. 2018), with polluted soils lacking some of the Agaricomycetes likely responsible for MnP production
(Edwards et al. 2011; Morrison et al. 2016; Entwistle et al. 2018b). Recent work has also linked the abundance of reactive
Mn3+ species to oxidative activity and subsequent depolymerization of aromatic C near dense fungal hyphae in mineral
soils (Jones et al. 2018). Besides acting as an enzymatic co-factor, it should be noted that Mn2+ also plays a related
function with fungi as a regulator of transcriptase activity for ligninolytic peroxidase production (Brown et al. 1990;
Johansson et al. 2002). Laboratory cultures of wood-decay fungi have demonstrated an in�uence of Mn2+ concentrations
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in the growing medium on the expression of MnP, emphasizing a degree of sensitivity of these fungi to Mn levels in the
environment (Gettemy et al. 1998; Ben Hamman et al. 1999).

Perhumid temperate rainforests of the Paci�c northwest coast of North America have some of the densest SOC content
found globally, with stocks often > 300 Mg C ha− 1 (Scharlemann et al. 2014; Carpenter et al. 2014; McNicol et al. 2019).
This feature of coastal soils, as compared to forests under less humid continental climates, has been generally attributed to
greater forest productivity and lower decomposition rates under limited soil oxygen availability (Sun et al. 2004). Another
consideration is whether the unique soil geochemistry of temperate rainforests affects decomposition rates, particularly the
highly weathered Ferro-Humic Podzols common to coastal British Columbia (Sanborn et al. 2011). An edaphic gradient
caused by contrasting precipitation levels across southern Vancouver Island, for example, displayed an exponential
increase in SOC with diminishing Mn that was attributed to soil podzolization (Kranabetter 2019). A potential di�culty with
this correlative evidence, however, is the possibility that Mn serves as a proxy for a number of in�uential changes in soil or
ecosystem properties, rather than being the underlying cause of reduced decomposition rate. Further investigation is
needed to examine how well MnP activity and Agaricomycete fungal communities align with soil Mn availability, and to
experimentally test the soil biological response to an Mn amendment. This latter approach has been previously employed
with litterbag studies, lending support to the role of Mn in the decay of amended litter (Trum et al. 2015; Sun et al. 2019).

In this study we examined the relationship between Mn and SOC across temperate rainforests in more detail with MnP
assays and sequencing of fungal communities between Brunisols (low SOC – high Mn) and Podzols (high SOC – low Mn)
(Kranabetter 2019). We then incubated these contrasting soils with an Mn amendment in the laboratory to test the effect on
MnP activity and fungal biomass. As a second treatment we used a soil slurry derived from fresh Brunisol soil to provide
fungal inoculum on the supposition that key Agaricomycete fungi excluded from Podzols could potentially mute the
enzymatic response to added Mn. Our hypotheses were that 1) Podzols would have lower concentrations of MnP than
Brunisols, along with a unique Agaricomycete �ora, for both forest �oor and mineral substrates; and 2) Podzols would have
an increase in MnP activity with an Mn amendment, more so where an inoculum was included, whereas Brunisols would
display no response to these treatments. The objective of our study was to provide collaborative evidence for the key role of
exchangeable Mn and fungi in SOC cycles of these coastal soils, and to illustrate how management practices affecting Mn
availability could be one avenue towards enhancing soil C sequestration.

Materials And Methods
Site descriptions

The study plots were a subset of sites (10 in total) across southern Vancouver Island described previously that encompass
a precipitation gradient created by an orographic rainshadow (Kranabetter et al. 2019; Kranabetter 2019). We selected �ve
plots from the east side of the Island, characterized by less weathered soils (‘Brunisol’, equivalent to Inceptisol or Cambisol;
Soil Classi�cation Working Group 1998) under a dry, maritime climate (average mean annual precipitation [MAP] and
temperature [MAT] of 1375 mm and 8.6°C, respectively), and �ve plots from the west side of the Island (average MAP = 
3310 mm, MAT = 8.5°C) with strongly podzolized soils (‘Podzol’ or Spodosol). All plots were low elevation, second-growth
Pseudotsuga menziesii var. menziesii ([Marb.] Franco) plantations, 40 to 60 years in age, that had been clearcut logged and
broadcast burned. Average site index (height at 50 years in age), based on 5 co-dominant trees per plot, was 38.2 m (SE
2.0) and 37.4 m (0.9) across Brunisol and Podzol plots, respectively. Select soil properties averaged by substrate are shown
in Table 1, while P. menziesii needle nutrient concentrations are shown in Supplemental Table 1 (see Kranabetter et al. 2019
for methodology details).

Soil sampling for enzyme and fungal community analysis

In late spring of 2019 (June 3–6) we returned to the 10 plots to obtain fresh forest �oors and 0–20 cm mineral soils for an
analysis of the fungal communities and MnP activity, along with enough soil for a laboratory incubation (see SupplementalLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Methods). Two subsamples of fresh, sieved soil of approximately 150 ml from each of the three composited samples per
substrate were frozen at -20°C for an enzyme assay and DNA extraction. The assay method for Mn-dependent peroxidase
activity was based on oxidative coupling of DMAB (3-dimethylaminobenzoic acid) and MBTH (3-methyl-2-
benzothiazolinone hydrazone hydrochloride) in the presence of Mn2+ and H2O2, as developed for forest soils by
Kyaschenko et al. (2017) (see Supplemental Methods). The residual peroxidase activity not dependent on Mn as a cofactor
was subtracted based on reactions in which MnSO4 was replaced by a chelator (2 mM Na2-EDTA-2H2O). Substrate controls
for background absorption unrelated to enzyme activity were supernatants plus reaction solutions without H2O2, while
boiled samples were used as negative controls to con�rm enzyme involvement in the colour change. Enzyme activity was
expressed as µmol h− 1 g− 1 dry soil for both substrates.

DNA from soil and forest �oor material was extracted using the Qiagen DNeasy PowerSoil kit (Cat No. 12888, Hilden,
Germany) following manufacturer instructions (see Supplemental Methods). The full length ITS region (SSU + ITS1 + 5.8S + 
ITS2 + LSU) was ampli�ed in duplicate from template DNA using high-�delity Phusion polymerase and fusion primers
(PacBio adaptors + barcodes + primers). Sequences were quality �ltered and binned into amplicon sequence variants
(ASVs) using the DADA2 software package in R (Callahan et al. 2016) (see Supplemental Methods).

Soil incubation study

The laboratory incubation study was designed as a two-way factorial. The �rst treatment was a Mn amendment to increase
exch. Mn concentrations of Podzols to approximate that of Brunisols. This was determined, on average, to be equal to 750
mg Mn per kg− 1 forest �oor and 150 mg Mn per kg− 1 mineral soil (as per Table 1, cmol equivalent charge of Mn2+ with
atomic mass of 54.9 and two valence electrons). We added 76.0 mg of MnSO4

+ 4H2O to supply 18.75 mg Mn to each jar of

forest �oor (25 g dry wt equivalent) and 60.8 mg MnSO4
+ 4H2O to provide 15.0 mg Mn to each jar of mineral soil (100 g dry

wt equivalent). The second treatment was a microbial inoculum to provide an opportunity for fungi of Brunisol soils to
colonize Podzol soils. Approximately 125 ml of the fresh Brunisol soils from each of the 5 sites, both as mineral soil and
forest �oor, were added to a large glass Erlemeyer �ask with 2 L of distilled water. After gently shaking for 10 minutes, the
slurry was poured through a sterilized cheesecloth to remove the solids. This procedure was then repeated, and the second
slurry was autoclaved at 120°C for one hour to serve as a control. The four jars of mineral soil and four jars of forest �oor
per plot were then allocated one combination of the 2-way factorial: 20 ml of the fresh slurry water/sterilized slurry water
with or without the MnSO4

+ 4H2O amendment. The jars were kept at 20°C for 15 weeks, after which two subsamples were
extracted and frozen at -20°C for enzyme and ergosterol analysis, while the remaining soil was air-dried, ground and sieved
(2 mm) for an analysis of exch. Mn concentrations (see Supplemental Methods).

Statistics

With fresh �eld soils we assayed 3 subsamples per composite for peroxidase activity (= 9 readings), and averaged these by
composite for the statistical analysis (n = 3 per substrate per plot, for a total of 57 because of one Brunisol site with no
forest �oor). The differences in Mn-peroxidase activity between soil type (Brunisol/Podzol) and substrates (forest
�oor/mineral soil) were tested by a linear mixed effect model in SAS (Mixed Procedure, Method = REML) (SAS Institute
2021), with study sites nested within soil type as a random effect. Due to a greater degree of residual variation for enzyme
activity among Brunisol sites compared to Podzol sites, the model allowed each soil type to have a separate residual
variance component. For the soil incubation study we used a completely randomized split-plot design with soil type as the
main-plot factor and Mn amendment/inoculum as fully crossed split-plot factors. For this study we assayed 3 subsamples
per jar, and averaged these readings for the statistical analysis (n = 40 for mineral soils, and 36 for forest �oors because of
one Brunisol site with no forest �oor). Each substrate (forest �oor/mineral soil) was tested separately, and the model again
allowed each soil type to have a separate residual variance component.
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Each of the three substrate samples per plot were extracted for DNA and the fungal species data averaged at the plot level
for statistical analysis (n = 19 because of one Brunisol site with no forest �oor). All multivariate analysis was conducted in
R (v 4.0.3, R Core Team 2020). Fungal communities were examined for soil type and substrate effects using distance-based
redundancy analysis based on Bray-Curtis dissimilarities using the dbrda function in the software package vegan (Oksanen
et al. 2019, v 2.5-6). Ordinations were produced for subsets of the fungal community: all fungi, all saprotrophs, all
ectomycorrhizae, all Agaricomycetes, saprotrophic Agaricomycetes, and ectomycorrhizal Agaricomycetes. Soil type and
substrate effects on the fungal community and subsets therein were tested using permutational multivariate analysis of
variance (PERMANOVA) via the adonis2 function (McArdle and Anderson 2001). The response of individual taxa and/or
select groups of saprotrophic Agaricomycetes to soil type and substrate were modelled using a multivariate generalized
linear model with the manyglm function in the mvabund package (Wang et al. 2020). Models were �t using a negative
binomial distribution with an offset to account for variation in sampling depth. Multivariate and univariate �tted models
were tested for signi�cance using the anova.manyglm function and the likelihood ratio test statistic. Unadjusted p-values
are reported for univariate results. Responses of individual species or groups were visualized using univariate regression
coe�cients extracted from the manyglm output.

Results
Soil and foliar properties

As reported previously (Kranabetter 2019), Podzol plots had deeper forest �oors and greater C concentrations in upper
mineral soils than Brunisols, alongside large reductions in exch. Mn (Table 1). Both Podzol substrates had a lower pH than
Brunisols, albeit less signi�cantly for mineral soils (Table 1). We also note enhanced concentrations of exch. Al + Fe and
large reductions in inorganic P with podzolization. Total N% was greater across Podzol plots but C:N ratios were equivalent
between soil types for both substrates (Table 1). Soils were consistently loam in texture across plots, averaging 51% (SE
1.2) sand, 39% (1.1) silt, and 11% (0.5) clay (soil type p value = 0.81, 0.94, and 0.48, respectively). Foliar analysis con�rmed
a signi�cant decline of almost 60% in Mn concentrations of P. menziesii needles between Brunisols (576 mg kg− 1) and
Podzols (244 mg kg− 1), but with no differences in foliar N concentrations (1.23%) (Supplemental Table 1).

Field soil enzyme activity and fungal communities

With �eld soils there was signi�cantly more MnP activity in both substrates of Brunisols compared to Podzols (Fig. 1),
equal to a 3.6-fold increase overall (3.8 ×  for mineral soil, 3.4 ×  for forest �oors) (Soil type p = 0.002, Substrate p = 0.048
[mineral soil > forest �oor], Soil type ×  Substrate p = 0.203).

Fungal communities of �eld soils were very diverse, encompassing 14 identi�ed Phyla, 38 Classes and 81 Orders.
PERMANOVA revealed signi�cant differences (p < 0.001) in fungal species composition between soil types at all levels of
delineation (Supplemental Table 2). For the subset of Agaricomycete fungi we found almost 500 species in the combined
saprotrophic and ectomycorrhizal fungal communities, which were clearly aligned by soil type (p < 0.001) and, to a lesser
degree, substrate (p = 0.028) (Fig. 2). In testing the distribution of select, diverse groups of Agaricomycete saprotrophs we
found the overall model, based on 7 groups and 139 spp., to be weakly signi�cant (Dev = 19.06, p = 0.067) by soil type
(Fig. 3). Brunisols were characterized by a greater abundance of species from the Order Trechisporales (Dev = 4.03, p = 
0.054), along with some common terrestrial saprotrophic genera of Agaricales (e.g., Clitocybe, Lepiota, Gymnopus) (Dev = 
3.54, p = 0.046). The genus Mycena was not skewed to either soil type as a group but a number of species were more
prevalent on Brunisols (Fig. 3, 4). Likewise, individual species of Auriculariales were more abundant on Brunisols, such as
Pseudohydnum gelatinosum (Fig. 4), but overall there was no clear distinction between soil type for this Order (Fig. 3).
Podzols, in contrast, had signi�cantly more species within the family Strophariaceae (Dev = 8.33, p = 0.019), particularly
Galerina (Fig. 3, 4). Some key genera more closely associated with Brunisols amongst ectomycorrhizal fungi included
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Cortinarius and Piloderma, along with many individual species of, for example, Russula, Inocybe and Lactarius
(Supplemental Fig. 1).

Incubation of soils with Mn amendment

After a 15 week incubation, we found signi�cant interactions in MnP activity with soil type that indicated contrasting
responses to amended Mn. With forest �oors, the addition of Mn caused a signi�cant reduction in MnP activity, but more so
for Brunisols than Podzols (56% vs 30% decrease, respectively) (Fig. 5a, Table 2). Mineral soils, in contrast, had opposing
responses in MnP, as Brunisols declined by 40% while Podzols increased by 26% with the Mn amendment (Fig. 5b, Table 2).
The inoculum treatment had no detectable effect on MnP in either substrate (Table 2). Fungal biomass, as quanti�ed by
ergosterol concentrations, was not affected by the Mn amendment nor inoculum treatment for either substrate
(Supplemental Table 3). Brunisols, however, had signi�cantly more ergosterol than Podzols in both forest �oors (78 vs. 28
mg kg− 1, respectively; p = 0.011) and mineral soils (5.7 vs. 2.8 mg kg− 1, respectively; p = 0.015).

We rati�ed the e�cacy of the Mn amendment by comparing exchangeable Mn concentrations after the 15 week incubation.
Clear distinctions in the fate of the added Mn were apparent between soil types (Table 2, Fig. 6). The forest �oors and
mineral soils of Podzols had substantial increases in exch. Mn, approximating that of the unamended Brunisols, as
expected (Fig. 6a,b). Brunisols, in contrast, showed much more subdued increases in exch. Mn concentrations across both
substrates (9% and 55% increase for forest �oors and mineral soils, respectively), far less than the two-fold increase
theoretically possible under the amendment regime (Fig. 6a,b).

Discussion
Collectively the patterns established from these contrasting �eld soils, and their response to Mn amendment, lends strong
support to our hypothesis of a biologically distinct character for Brunisols vs. Podzols related to geochemistry and SOC
cycles. In particular, Podzols had considerably less MnP activity in both substrates compared to Brunisols, and hosted a
distinct Agaricomycete fungal community despite the consistency in forest stand composition, age and disturbance history
across the edaphic gradient. A signi�cant decrease in foliar Mn concentrations of P. menziesii across Podzol sites was
con�rmed, which would be consistent with reduced mass loss rates during litter decay (Berg et al. 1996; Davey et al. 2007;
Perakis et al. 2012). We also found signi�cant interactions with the Mn amendment, both in MnP activity and the fate of the
added Mn, which indicated contrasting functional responses by the opposing soils. There was no evidence these
geochemical effects on SOC were related to differing clay content (Doetterl et al. 2015), which was generally low (11%)
across the gradient. Our study results bring a new perspective concerning the abiotic drivers underpinning the large,
expansive soil C stocks across perhumid temperate rainforests of the Paci�c west coast (Carpenter et al. 2014; McNicol et
al. 2019) and lend support to C models inclusive of Mn as a regulatory bottleneck in organic matter accumulation (Berg and
McClaugherty 2014; Stendahl et al. 2017).

Distinctions between Brunisols and Podzols in �eld assays

Much of research into peroxidase enzymes has focused on litter layers and organic horizons (Berg et al. 2015), but these
decay processes in temperate forests clearly extend into mineral soils as well. Jones et al. (2020) proposed a useful
distinction in oxidative decomposition processes, which would vary between Mn (peroxidases produced by white-rot fungi)
and Fe agents (Fenton reaction via brown-rot fungi) depending on which element is most abundant. In this respect our �eld
soil assays would be in agreement, as exch. Mn was more abundant than exch. Fe in both forest �oor and mineral soil
substrates of Brunisols, whereas Fe, in turn, dominated the Podzol soil pro�le (Table 1). Brown-rot fungi are thought to be
incapable of fully oxidizing lignin (Worrall et al. 1997; Berg and McClaugherty 2014), and possibly similar aromatic C
compounds found in humus, which would help explain how reductions in MnP and related class II peroxidase enzyme
activity can lead to the inverse correlations between SOC and exch. Mn (Stendahl et al. 2017; Kranabetter 2019; Andrieux et
al. 2020).Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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The distinctive ability of soil and litter Agaricomycete fungi to decompose SOC using oxidative enzymes is typically
attributed to the free-living saprotrophic species (Steffen et al. 2000; Kellner et al. 2014; Maarou� et al. 2019). Given the
considerable diversity in taxa it can be challenging to identify which of these species are key contributors of MnP, even for
closely related species (Vares and Hatakka 1997), and especially as the functional guild classi�cation for many soil fungi
are ambiguous or untested (Riley et al. 2014; Talbot et al. 2015; Entwistle et al. 2018a). Previous �eld studies and forays in
this area (Kranabetter et al. 2019) have consistently shown greater abundance of some common terrestrial saprotrophic
species (Clitocybe, Lepiota, Gymnopus) on Brunisols, as was con�rmed here with molecular techniques. In addition to these
Agarics, some lesser known taxa within the Trechisporales were more frequent in Brunisols, along with individual species of
Auriculariales, and could represent other important white-rot fungi of soils. Mn-peroxidase activity in Brunisols was
signi�cantly higher overall than Podzols but also more variable, with subsamples up to 50 µmol h− 1 g− 1 dry soil, and these
hotspots suggest a mosaic of Agaricomycete fungal populations that may ebb and �ow as C is deposited and decayed (i.e.,
‘foraging’; Watkinson et al. 2006). Our presumption here is that the reductions in MnP activity across Podzols re�ects the
absence of key fungi, and likely a functional shift from lignolytic to cellulolytic fungi (Entwistle et al. 2018b), although it is
possible that the e�cacy of shared fungal species is also reduced in Podzols because of a downregulation in gene
expression (Zak et al. 2019) with lower Mn concentrations in litter and soils.

Temperate forests across southern Vancouver Island are predominantly conifers with ectomycorrhizal fungi (primarily
Pseudotsuga menziesii and Tsuga heterophylla), along with a minor arbuscular component (Thuja plicata) (Brown and
Hebda 2002). Mycorrhizal fungi provide an important source of C to forest soils (Frey 2019), but given the historic
uniformity in stand composition these differential patterns in SOC are unlikely to re�ect mycorrhizal type per se as
described elsewhere (Taylor et al. 2016; Craig et al. 2018). It should be noted, however, that ectomycorrhizal fungal
communities were equally distinct as saprotrophic communities between soil types, in part due to adaptations required for
organic phosphorus (P) acquisition on Podzols (Meeds et al. 2021). While select ectomycorrhizal species of Podzols
displayed some capacity for laccase production (Meeds et al. 2021), other ectomycorrhizal genera more common to
Brunisols, such as Cortinarius and Piloderma, could potentially contribute alongside saprotrophic fungi to the differences in
peroxidase activity of these substrates, thereby supplementing the long-term oxidation rates of SOC (Bödeker et al. 2014;
Sterkenburg et al. 2018).

Biological response to an Mn amendment

The signi�cant interaction of soil types to an Mn amendment was consistent with our hypothesis as it a�rms a strong
effect of Mn availability on decay processes related to soil podzolization. The large negative response of added Mn on
Brunisol MnP activity was unexpected, however, as we assumed there would be little in�uence of Mn beyond a threshold
displayed in the exponential relationships (approx. 10 mmol kg C− 1 or 30 kg Mn ha− 1; Stendahl et al. 2017; Kranabetter
2019). In retrospect this suppression might have been anticipated as culture studies of wood-rot fungi under increasing Mn
concentrations have demonstrated an inhibitory response as well (Bonnarme and Jeffries 1990; Buswell et al. 1995),
underscoring how Mn2+ directly regulates MnP expression by differentially activating the transcription of mnp genes
(Gettemy et al. 1998; Cohen et al. 2001; Johansson et al. 2002). The greater sensitivity of Brunisols to Mn concentrations
was further illustrated by the subsequent removal of much of the amendment, particularly in forest �oors, which we suspect
was via uptake by the saprotrophic fungal biomass. It was postulated that some saprotrophic fungi have an exceptionally
high demand for Mn, as re�ected by elevated Mn concentrations in fruiting bodies (Kranabetter 2019). The instantaneous
surge in Mn2+ through an amendment perhaps inundated these Mn-demanding fungi to the point of negatively affecting
mnp transcription, resulting in more substantial declines in MnP for both Brunisol substrates compared to Podzols. It is
unlikely this suppression in MnP re�ects a toxic effect as the fungal biomass of the incubated soils was not altered by the
Mn amendment. We also note that MnP activity of Brunisol mineral soils after the incubation period was clearly lower than
found in fresh soils, possibly due to some combination of physical disruption (through sieving), removal of roots with key
MnP-expressing ectomycorrhizal species, or perhaps suboptimal lab conditions (e.g., high soil moisture content).
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In contrast, mineral soils of Podzols had a slight positive response in MnP to the amendment, as would be consistent with
the hypothesis of Mn as the underlying limitation to SOC turnover (see also Trum et al. 2011; Whalen et al. 2018; Subedi et
al. 2021). We did not �nd a similar response with forest �oors of Podzols, however, although the inhibition of MnP was at
least signi�cantly less substantial than in Brunisol forest �oors. Perhaps this suppression of MnP re�ects a dose effect
where an Mn2+ input of this magnitude, despite low background levels, still negatively affects fungal mnp transcription, and
it would be worthwhile testing whether smaller amendments could induce a positive response. There is also the possibility
that low inorganic P availability across Podzols is a co-limitation with Mn on fungal activity, although in a similar
incubation study from the north coast of British Columbia there were only decreases found in microbial respiration and no
consistent change in microbial biomass with added P (Kranabetter et al. 2005). Our attempt at an inoculum slurry from
Brunisols to establish saprotrophic fungi in Podzols was seemingly unsuccessful, and may require a more substantial
intervention, but in theory at least a stronger response to an Mn amendment in Podzols could hinge upon the presence of
appropriate white-rot fungal species for these substrates.

Implications for landscape patterns in SOC

Schmidt et al. (2011) reasoned that the persistence of SOC is not entirely a molecular property but instead an ecosystem
feature controlled by environmental factors such as climate, soil acidity, and the soil microbial community. For coastal
rainforests of the Paci�c Northwest this key ecosystem feature is arguably soil podzolization, which is a consequence of
high annual precipitation through medium- to coarse-textured soils, coupled with acidic leachate from coniferous forest
cover, ericaceous shrubs and bryophytes (Sanborn et al. 2011). With low levels of exch. Mn we expect less complete
decomposition of organic matter, resulting in accumulation of residual C in humus. Subsequently, C is transferred as
leachate or microbial necromass to the underlying mineral soil where it can be further stabilized in organo-mineral
complexes or through other stabilization mechanisms (Buurman and Jongmans 2005; Rasmussen et al. 2018; Lavallee et
al. 2020). Potential counterarguments for landscape processes boosting SOC content other than podzolization should be
considered. Increased nitrogen availability or forest productivity as a driver of SOC (Berg 2000; Kyaschenko et al. 2017; Sun
et al. 2004), for example, is doubtful in this context as there was no indication of broad contrasts in soil fertility across the
edaphic gradient, at least as measured by soil C:N ratio, foliar N% or site index. It is worth noting, however, the widespread,
elevated soil N content of these rainforest Podzols (Kranabetter et al. 2020), which likely re�ects the legacy of substantial
N2-�xation by red alder (Alnus rubra) (Binkley et al. 1994). Enhanced soil acidi�cation by nitric acid from N-rich alder litter
(Perakis and Pett-Ridge 2019) could possibly parallel the edaphic processes under long-term N pollution that can also
reduce soil pH and Mn availability (Whalen et al. 2018). Red alder and other N2-�xing biota of the perhumid rainforest
(epiphytic cyanolichens and cyanobacteria-bryophytes; Antoine 2004; Lindo and Whiteley 2011) could therefore be
additional biotic agents contributing to the depletion of exch. Mn across Podzols. We also recognize that the lower
frequency of disturbances in perhumid rainforests, particularly wild�re, is not necessarily irrelevant to the accumulation
rates of forest �oors (Wardle et al. 2012; Andrieux et al. 2018), but all of the study plots were burned after timber harvest
and yet the differences in biological properties and C turnover associated with exch. Mn have persisted throughout the
upper soil pro�le. To be clear, outside of these productive forest stands there are also large areas of low lying scrub forests
in the Paci�c Northwest with high water tables and deep (> 40 cm) organic soils (Sajedi et al. 2012; Kranabetter et al. 2013).
Anerobic microsites contribute to longer organic matter residence time (Jones et al. 2018; Keiluweit et al. 2017), and
consequently these very wet scrub forests likely have the dual limitations of depleted Mn and low O2 on decomposition
rates.

Under typical forest management we would not be contemplating ways to intervene and disrupt decomposition processes,
but with the unprecedented threat of rapid climate change it is vital to evaluate any possible avenue for even small gains
SOC stocks that could offset greenhouse gas emissions (e.g., the “4 per 1000” initiative; https://www.4p1000.org/). Some
degree of manipulation in soil geochemistry is inadvertently underway already with the boost in SOC and diminished Mn
found on poorly-buffered soils with anthropogenic N pollution (Whalen et al. 2018), and perhaps, as we speculated, under
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N2-�xing trees as well (Mayer et al. 2020). If a proportion of exch. Mn can be selectively immobilized from fungal uptake in
lightly or moderately weathered soils it may reduce the production and e�cacy of peroxidases and boost SOC content. A
possibly fortuitous �nding of this study is that a similar suppressive effect can evidently be had by simply adding su�cient
quantities of Mn2+ to forest soils, which would be technically less challenging, although there are legitimate questions on
the duration and unintended consequences of such a treatment. Management practices that can alter Mn availability have
not been well explored, nor more direct interventions in Mn supply, but we suggest both opportunities be considered as
mitigation strategies.
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Tables
Table 1

Selected soil properties averaged by substrate (forest �oor and 0–20 cm mineral soil) for Brunisol and Podzol study sites
across southern Vancouver Island (SE in brackets, p value < 0.05 in bold).

Soil
type

  Depth Exch.
Al

Exch.
Mn

Exch.
Fe

Total
C

Total
N

C:N Inorganic
P

Organic
P

pH

  (n) (cm) (cmol
kg− 1)

(cmol
kg− 1)

(cmol
kg− 1)

(%) (%) (ratio) (mg kg− 

1)
(mg
kg− 1)

(H2O)

Forest
�oor

                     

Brunisol 4 1.5
(0.3)

0.3
(0.1)

3.74
(0.66)

0.11
(0.05)

42.2
(1.4)

1.18
(0.04)

35.8
(2.8)

229 (19) 741
(67)

4.76
(0.10)

Podzol 5 7.2
(0.8)

6.6
(1.4)

0.23
(0.04)

0.48
(0.05)

49.4
(1.5)

1.53
(0.08)

32.3
(2.0)

127 (7) 961
(187)

3.89
(0.06)

P value   < 0.001 0.068 0.001 0.003 0.054 0.069 0.383 < 0.001 0.570 < 0.001

Mineral
soil

                     

Brunisol 5 - 0.7
(0.1)

0.41
(0.08)

0.02
(0.006)

3.8
(0.3)

0.13
(0.01)

29.2
(1.7)

665 (74) 173
(16)

4.89
(0.09)

Podzol 5 - 5.2
(0.5)

0.02
(0.004)

0.29
(0.03)

7.9
(0.6)

0.31
(0.03)

25.5
(0.9)

136 (41) 326
(39)

4.56
(0.05)

P value     < 0.001 0.005 0.001 0.007 0.016 0.364 0.006 0.071 0.095
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Table 2
Linear mixed effects statistical model results by substrate (forest �oor and 0–20 cm

mineral soil) for an Mn amendment and inoculum treatment (15 week laboratory
incubation) on Mn-peroxidase activity and exchangeable Mn concentrations. (Soil

type = Brunisol vs. Podzol, p values < 0.05 in bold).

  Forest �oor   Mineral soil

  df F value P value   df F value P value

Mn-peroxidase activity              

Soil Type 7 35.17 < 0.001   8 2.61 0.145

Mn amendment 21 13.00 0.002   24 0.03 0.869

Soil Type
×

Mn

21 7.82 0.011   24 6.88 0.015

Inoculum 21 0.29 0.595   24 2.44 0.132

Soil Type
×

Inoculum

21 0.07 0.795   24 0.25 0.622

Mn
×

Inoculum

21 0.19 0.667   24 1.21 0.281

Soil Type
×

Mn
×

Inoculum

21 0.15 0.698   24 0.00 0.959

Exchangeable Mn              

Soil Type 7 16.33 0.005   8 0.34 0.576

Mn amendment 21 83.51 < 0.001   24 47.80 < 0.001

Soil Type
×

Mn

21 57.54 < 0.001   24 14.27 0.001

Inoculum 21 1.08 0.310   24 0.05 0.830

Soil Type
×

Inoculum

21 0.68 0.420   24 0.60 0.445

Mn
×

Inoculum

21 0.25 0.624   24 0.01 0.913

Soil Type
×

Mn
×

Inoculum

21 0.81 0.378   24 0.78 0.386
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Figures

Figure 1

Average Mn-peroxidase activity of �eld soils for Brunisol and Podzol plots by substrate type (SE as bars; soil type p =
0.002)
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Figure 2

Ordination (distance-based redundancy analysis) of combined Agaricomycete saprotrophic and ectomycorrhizal fungal
communities of �eld soils by soil type (Brunisol [orange] vs Podzol [green]) and substrate (forest �oor [circle] and 0-20 cm
mineral soil [triangle]). N = 489 spp., adj. R2 = 28.4
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Figure 3

Regression coe�cient plot by select Orders of saprotrophic fungi, with Agaricales split further into Families (Clavariaceae,
Strophoriaceae and Other Agarics) or Genus (Mycena) (n = number of taxa per group). Counts were combined across
substrates to portray overall response among soil types, and results ranked either positive, signifying greater presence in
Brunisols, or negative (more prevalent in Podzols)
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Figure 4

Regression coe�cient plot of saprotrophic fungal species showing a difference in abundance between soil types
(substrates combined). A positive coe�cient signi�es greater presence in Brunisols, whereas a negative coe�cient depicts
a stronger alignment with Podzols. Depicted species signi�cant at p < 0.10
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Figure 5

Difference in MnP activity of Brunisols and Podzols with added Mn after a 15 week laboratory incubation for a) forest �oor
and b) mineral soil (n = 10 per column [8 for Brunisol forest �oor], averaged by Mn treatment with and without inoculum; SE
as bars). Soil type × Mn amendment interaction p < 0.05 for both subtrates, see Table 2

Figure 6

Exchangeable Mn concentrations of Brunisols and Podzols with an Mn amendment after a 15 week laboratory incubation
for a) forest �oor and b) mineral soil (n = 10 per column [8 for Brunisol forest �oor], averaged by Mn treatment with and
without inoculum; SE as bars). Soil type × Mn amendment interaction p < 0.05 for both substrates, see Table 2
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