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Impacts of an invasive grass on soil organic matter pools
vary across a tree-mycorrhizal gradient
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Abstract Increases in carbon (C) inputs can aug-
ment soil organic matter (SOM), or reduce SOM by
accelerating decomposition. Thus, there is a need to
understand how and why ecosystems differ in their
sensitivity to C inputs. Invasive plants that invade
wide-ranging habitats, accumulate biomass rapidly,
and contribute copious amounts of C to soil can be
ideal for addressing this gap. We quantified the effects
of the invasive C4 grass, Microstegium vimineum, on
SOM in three temperate forests across plots varying in
their relative abundance of arbuscular mycorrhizal
(AM) versus ectomycorrhizal (ECM) trees. We
hypothesized that invasion would differentially affect
SOM along the mycorrhizal gradient owing to
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recognized patterns in nitrogen availability (AM >
ECM) and the proportion of unprotected SOM
(ECM > AM). Across all sites, M. vimineum was
associated with lower particulate organic matter
(POM) in ECM-dominated plots, consistent with our
hypothesis that invader-derived C inputs should
stimulate decomposers to acquire nitrogen from
unprotected SOM in soils with low nitrogen availabil-
ity. However, the pattern of lower POM in the ECM-
dominated soils was offset by greater mineral-associ-
ated organic matter (MAOM)—and isotopic data
suggest this was largely driven by native- rather than
invader-derived SOM—implying an invasion-associ-
ated transfer of native-derived POM into MAOM. Our
results demonstrate a context-dependent shift in the
form of SOM in a system with presumably enhanced C
inputs. This finding suggests a need to look beyond
changes in total SOM stocks, as intrinsic SOM
changes could lead to important long-term feedbacks
on invasion or priming effects.

Keywords Plant invasion - Microstegium - Priming -
Mycorrhizal fungi - Carbon - Nitrogen

Introduction
Global changes, including biological invasion, are

predicted to enhance the rate and alter the chemical
composition of carbon (C) inputs to soils (van
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Groenigen et al. 2006; Liao et al. 2008; Phillips et al.
2011; Sistla et al. 2013). Such changes can alter the
balance of soil organic matter (SOM) formation and
decomposition, with implications for SOM stocks
(e.g. Fontaine et al. 2004; Sulman et al. 2014) and the
many ecological functions SOM provides (Schmidt
et al. 2011). However, despite substantial research
efforts (e.g. Bradford et al. 2008; Chen et al. 2014), it
remains unclear where plant community- or produc-
tivity-driven alterations to C inputs should lead to
increases versus decreases in SOM (Zhang et al. 2013;
Luo et al. 2016).

Soil microbes mediate the effect of altered C inputs
on SOM. High-quality C inputs (i.e. those that are
rapidly metabolized by soil microbes) can favor
microbial growth (Bradford et al. 2013; Frey et al.
2013; Chen et al. 2014), a pre-requisite for stable min-
eral-associated SOM formation (Bradford et al. 2013),
and reduce the necessity for microbes to decompose
SOM to acquire carbon (Cardon et al. 2001). In this
case, C inputs should lead to enhanced SOM stocks.
However, C inputs are also often found to cause
“priming effects” (sensu Kuzyakov et al. 2000) by
stimulating the catabolic activity of microbes (Phillips
etal. 2011; Rousk et al. 2016; Meier et al. 2017), or by
inducing microbial community shifts (Fontaine and
Barot 2005; Kuzyakov 2010), leading to enhanced
SOM decomposition and, ultimately, reduced SOM
stocks (Fontaine et al. 2004). Indeed, such effects may
explain why plant-derived SOM pools often are
unchanged by long-term experimental augmentation
of litter inputs (Lajtha et al. 2018). Thus, the effect of
altered C inputs on SOM is likely determined by the
balance between microbial biosynthesis and catabo-
lism (Liang et al. 2017).

Soil factors (e.g. nutrient availability, texture,
moisture, or pH), in addition to having their own
effects on SOM, may strongly determine whether C
inputs lead to enhanced or reduced SOM stocks
(Kuzyakov et al. 2010). For example, in systems with
low inorganic N availability, high-quality organic
inputs may alleviate microbial C limitation and
stimulate microbes to decompose SOM in order to
acquire N (Craine et al. 2007; Fontaine et al. 2011;
Phillips et al. 2011; Moorhead and Sinsabaugh 2006).
In contrast, added C inputs in areas with high
inorganic N may lead to SOM gains (Bradford et al.
2008) by repressing the production of extracellular
enzymes (Geisseler et al. 2010) or by enhancing
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microbial growth (Bradford et al. 2013; Manzoni et al.
2012). The properties of the SOM itself could also
modulate the effect of C inputs on SOM stocks. In
general, the extent to which SOM is protected from
microbial activity (e.g. through chemical interactions
with mineral surfaces) is an important factor control-
ling the resistance of SOM stocks to environmental
change. For example, SOM losses following changes
such as plant invasion are often driven by the
accelerated decay of unprotected SOM pools (Garten
and Wullschleger 2000; Six et al. 2002; Strickland
et al. 2010). Taken together, a reasonable hypothesis is
that high-quality C inputs should lead to losses of
SOM in areas where inorganic N availability is low
and where SOM is unprotected from microbial decay.
To date, most attempts to test this hypothesis have
focused on short-term (i.e. weeks to months) labora-
tory experiments (Bradford et al. 2008; Di Lonardo
et al. 2017; Luo et al. 2016) and therefore exclude
factors—Ilike plant nutrient uptake, microbial com-
munity differences, or soil properties—that may
covary with C inputs and modulate SOM decompo-
sition and formation in natural systems.

Plant invasions provide a way to study the context-
dependent effects of altered C inputs in a field setting.
Globally, invasive plants enhance the production and
input of high-quality C compounds (e.g. low-lignin
litters) compared to the native plants they displace
(Liao et al. 2008). Moreover, some invasive plants can
enhance high-quality belowground C inputs directly
via root exudation (Bradford et al. 2012; Sokol et al.
2018). Invaders can also alter soil factors, such as
nutrient availability, soil pH, and water content (Vila
et al. 2011), that may independently or interactively
affect SOM. Yet, despite these general patterns,
invader impacts on SOM dynamics can vary substan-
tially across space (Hughes and Uowolo 2006;
Koutika et al. 2007; Strayer 2012). A common
hypothesis for explaining the context-dependence of
invader effects is that the pre-invasion conditions of
the invaded site can modulate the direction and
magnitude of invader impacts (Dassonville et al.
2008; Scharfy et al. 2009; Craig et al. 2015). If true, a
framework for predicting pre-invasion site conditions
would substantially improve our ability to predict
where and to what extent plant invasion will alter
SOM properties.

In temperate forests, the mycorrhizal association of
dominant trees has been shown to predict soil nutrient
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availability and SOM properties (Phillips et al. 2013).
Specifically, ectomycorrhizal (ECM)-associated tree
dominance is associated with low inorganic N avail-
ability (Phillips et al. 2013) and a lower amount of
SOM stored in mineral-associated compared to unpro-
tected particulate forms (Craig et al. 2018). Arbuscular
mycorrhizal (AM)-associated tree dominance, on the
other hand, is associated with high inorganic N
availability (Phillips et al. 2013) and a greater amount
of SOM stored in mineral-associated SOM pools
(Craig et al. 2018). Accordingly, we hypothesize that
invasion and its associated increases in high-quality C
inputs should lead to decreases in SOM stocks in
ECM-dominated areas (“ECM plots”), where N-lim-
ited microbial decomposers may decompose unpro-
tected SOM in order to enhance inorganic N
availability. However, in AM-dominated forests
(“AM plots”), where there is evidence of greater
SOM protection and less demand to break down SOM
to acquire N, we hypothesize that invader-derived
high-quality C inputs should be allocated more toward
microbial growth, leading to an accumulation of
microbial-derived mineral-associated SOM.

Here, we quantified the effects of a well-studied
invasive grass, Microstegium vimineum, on SOM
properties across gradients of ECM-associated tree
dominance (hereafter “mycorrhizal gradients”) in a
field study. We worked in three widely-distributed
deciduous forests to assess the generality or site-
specificity of observed patterns. M. vimineum is a
widespread and problematic invader that is an ideal
organism for studying the effects of C inputs on SOM
dynamics because it is a C4 grass that invades C3-
dominated forests. Thus, its contribution to soil C can
be determined based on its distinct isotopic signature.
Moreover, M. vimineum is known to have context-
dependent effects on SOM (Kramer et al. 2012; Craig
etal. 2015; Sokol et al. 2017) and is known to enhance
belowground C inputs via root exudation (Strickland
et al. 2010; Bradford et al. 2012; Sokol et al. 2018).
Our goal was to determine whether the effects of M.
vimineum on total, native-derived, or invader-derived
SOM pools depend on the mycorrhizal dominance of
invaded sites.

Methods
Study sites

We conducted this work in three forests, each
containing a gradient of ECM- to AM-dominated
forest stands. Moore’s Creek (MC; 39°05'N, 86°28'W)
is an ~ 80-year-old temperate hardwood forest in
South-Central Indiana, USA dominated by ECM-
associated Fagus grandifolia, Quercus, and Carya
species, and AM-associated Acer saccharum, Lirio-
dendron tulipifera, Fraxinus americana, and Sas-
safras albidum. Soils at MC are silty loams classified
as Hapludalfs, Hapludults, and Dystrudepts (Soil
Survey Staff 1999). Duke Forest (DF; 36°01'N,
78°59'W) is a ~ 70-year-old temperate mixed forest
in Central North Carolina, USA dominated by ECM-
associated Pinus taeda and Quercus phellos, and AM-
associated Liquidambar styraciflua, Liriodendron
tulipifera, Fraxinus pennsylvanica, Acer species,
Ulmus species, and Platanus occidentalis. Soils at
DF are loams classified as Hapludalfs. Whitehall
Forest (WF; 33°53'N, 83°22') is an ~ 80-year-old
forest in Northern Georgia, USA dominated by ECM-
associated Quercus species, Pinus taeda, Carya
species, and Ostrya virginiana, and AM-associated
Liriodendron tulipifera, Liquidambar styraciflua, and
Ulmus species. Soils at WF are loams classified as
Hapludults. Further site details are reported in
Table 1.

Established invasions of M. vimineum were located
in upland areas in Fall 2013 and 30 plots were set up in
areas containing M. vimineum (hereafter “invaded”)
and in nearby uninvaded, “reference” areas (60 plots
total; 18 at MC, 22 at DF, and 20 at WF). Plots were
comprised of circular subplots (10 m radius) where all
trees (diam. breast height > 5 cm) were identified,
measured (dbh), and classified as ECM-associated or
AM-associated based on published records (Phillips
et al. 2013). Mycorrhizal dominance was then deter-
mined for each plot based on the relative abundance of
AM versus ECM trees (see below). Each plot
contained three subplots except for two plots at MC
that were constrained by the extent of M. vimineum
invasion (i.e. 1 plot had 2 subplots and 1 plot had
subplot; 174 total subplots). AM- and ECM-domi-
nated plots were intermixed throughout each site to
avoid sampling along a confounding spatial gradient.
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Table 1 Average soil characteristics and (SE) in invaded and reference plots at Whitehall Forest, Georgia, USA; Moore’s Creek,

Indiana, USA; and Duke Forest, North Carolina, USA

Site Invader biomass Soil moisture Bulk density pH Sand Clay C stock N stock
(gm™) (%) (g em™) %) (%) (kgm)'  (kgm )

Whitehall

forest

Reference 1 (1) 259 (2.1) 0.92 (0.07) 50.1) 54¢@) 11(2) 3.09(0.13) 0.23 (0.01)

Invaded 123 (14) 29.3 (1.7) 0.76 (0.05) 52(0.1) 42(5) 10(1) 3.20(0.18) 0.25 (0.02)
Moore’s

Creek

Reference 0 (0) 16.0 (1.9) 0.64 (0.05) 4.6 (0.2) 16 (1) 7)) 3.15(0.22) 0.23 (0.02)

Invaded 109 (26) 18.1 (1.7) 0.66 (0.04) 48 (0.1) 192 7 (1) 3.33(0.33) 0.24 (0.02)
Duke forest

Reference 4 (3) 17.8 (1.9) 0.93 (0.05) 43(0.1) 46(7) 11(2) 3.71(0.64) 0.12 (0.02)

Invaded 86 (15) 20.2 (1.5) 0.97 (0.06) 4.8 (0.1) 49 (6) 9(2) 3.33(0.34) 0.24 (0.04)

Each study site has substantial invasion by M.
vimineum. M. vimineum was first recorded at DF in
1948 and is still spreading within the site (R. Peet,
personal communication). At WF, M. vimimeum was
recorded in abundance prior to 2001 (Strickland et al.
2010; K. Miller, personal communication). M. vimi-
neum was observed at MC between 2003 and 2006,
however, anecdotal evidence and vegetation surveys
suggest that it was initially constrained to floodplain
areas and a lake shoreline (M. Chitwood, K. Clay, and
A. Shelton, personal communication). Given the
continual spread of M. vimineum at these sites, it is
not possible to determine the specific age of M.
vimineum populations in our study plots. However,
based on the available information, it is likely that the
DF populations are the oldest and the MC populations
are the youngest.

Soil and vegetation sampling

In August and September 2014, soil cores (5.08-cm
diam.) were collected from each subplot at 0—5 cm
(including a thin O horizon where present) and
5-15 cm depth. Cores from the same plot and depth
were composited (n = 60 samples for each depth; 120
total samples), sieved to 2 mm, subsampled for
gravimetric moisture (105 °C), and air-dried until soil
organic matter characterization. Moisture was also
determined on a set of samples collected near peak
biomass in 2015 and values from 2014 and 2015 were
averaged. To determine soil bulk density and texture,
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additional samples were collected from each subplot
in June 2016 and composited by plot and depth.
Samples were then dried (105 °C), sieved, and the
mass of the fine (< 2 mm) fraction was used to
determine soil bulk density (g soil cm™> sample
volume). These samples were then used to determine
soil texture via the hydrometer method (Ulmer et al.
1994). Understory aboveground biomass was deter-
mined near peak M. vimineum biomass (MC: August,
DF and WF: September) in 2015 by clipping and
collecting all plant material within a 25 x 25-cm
square in each subplot. Biomass was then separated
into M. vimineum and non-M. vimineum materials,
dried (55 °C), and weighed.

Soil organic matter characterization

Soil C and N content was determined by grinding
samples to a powder and analyzing on an elemental
combustion system (Costech ECS 4010, Costech
Analytical Technologies, Valencia, CA, USA). Total
C is considered equivalent to organic C given that all
soils were below a pH of 5.8. To understand the effects
of M. vimineum on protected versus unprotected SOM
pools, we separated SOM into mineral-associated
organic matter (MAOM) and particulate organic
matter (POM) using a size fractionation procedure
(Cambardella and Elliott 1992) as modified by Brad-
ford et al. (2008). Briefly, we dispersed soil samples in
5% (w/v) sodium hexametaphosphate for 20 h on a
reciprocal shaker and washed each sample through a
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53-um sieve. The fraction retained on the sieve was
considered POM while the finer, clay and silt fraction
that passed through the sieve was considered MAOM.
Because SOM in the clay and silt fraction tends to have
a longer residence time due to the chemical interac-
tions with microbial-derived compounds (Anderson
and Paul 1984; Grandy and Neff 2008), this method
separates a putatively protected SOM pool (i.e.
MAOM) from a putatively unprotected SOM pool
(i.e. POM). Carbon and nitrogen concentrations as
well as 8'°C values of the POM and MAOM fractions
were determined by drying (55 °C), grinding, and
analyzing samples using an elemental combustion
system (Costech ECS 4010, Costech Analytical
Technologies, Valencia, CA, USA) as an inlet to a
ThermoFinnigan DELTA plus XP isotope ratio mass
spectrometer (Thermo Fisher Scientific, San Jose,
CA).

Soil inorganic nitrogen

In each plot, inorganic N availability was quantified
using ion exchange resin bags (sensu Craig et al.
2015). This technique provides an integrated measure
of inorganic N availability across the growing season.
Briefly, mesh bags (150 um) were filled with 5 g of a
mixed-bed ion exchange resin (Rexyn R208, Thermo
Fisher Scientific), and one bag was installed at 5-cm in
each subplot and left in situ from June to November,
May to November, and April to December in MC, DF,
and WF, respectively, during the 2015 growing
season. Upon removal, resin bags were sealed in
separate plastic bags and refrigerated until extraction
in 2 M KCl. Extracts were analyzed for NH, " —N via
the salicylate method and NO;3;™ using a cadmium
column reduction on a Lachat QuikChem 8500 (Hach
Company, Loveland, Colorado, USA).

Data analysis

ECM dominance was calculated as the percentage of
ECM-associated basal area relative to the total basal
area. Tree species known to associate with both AM-
and ECM-fungi and tree species with unknown
mycorrhizal associations accounted for 1% or less of
the basal area. Thus, low values of ECM dominance
indicate AM-dominated plots. ECM gradients were
comparable among the three sites as ECM dominance

ranged from 8 to 83%, 0 to 83%, and 13 to 76% at MC,
DF, and WF, respectively.

The amount of C derived from M. vimineum in each
invaded plot was determined as follows:

013C; — 813C, )

Cuv = Coail <513cmv — 513G,

where C,; is the total amount of soil C in the soil pool,
313C; is the soil 8'2C value in invaded plots, 313, is
the 8'3C value for M. vimineum tissues (— 14.31%,,;
Strickland et al. 2010), and 8'*C, is the soil 3'°C value
in reference plots. At WF and DF, we used the 313
value in the nearest reference plot (within 50 m) as our
measure of 813Cr. At MC, we observed a strong
negative relationship between ECM dominance and
813C of the POM (R? = 0.55) and MAOM (R? = 0.73;
Fig S1). Because the nearest reference plot sometimes
differed in tree community composition at MC, we
estimated 8'°C, by fitting a site specific linear
relationship between ECM dominance and 8'°C in
reference plots and then interpolating 3'°C, based on
the ECM dominance of each invaded plot. Once
determined, the M. vimineum-derived pool was
used to estimate the native-derived pool (Cpagive=
Csoii— Cmv) and the percentage of M. vimineum-
derived C (Comv = Cumyv/Csoix100). Given the
methodological nuance in the determination of the
M. vimineum-derived pool at MC, we also analyzed
the raw 8'3C values (below).

To evaluate the relationship between M. vimineum
presence and soil C and N dynamics, we fit general
linear mixed models to soil C and N (i.e. MAOM-N,
MAOM-C, POM-N, POM-C, MAOM-§"’C, POM-
8!3C). Invasion status (invaded or reference plot),
ECM dominance, site, and sample depth were
included as fixed factors, with plot included as a
random factor to account for non-independence
between shallow and deep soils from the same plot.
To test our hypothesis that the effect of M. vimineum
on soil C and N pools would depend on the mycor-
rhizal status of the plot, we evaluated the interaction
between invasion status and ECM dominance. We also
included the three-way interaction of this term with
site and with depth and all their nested two-way
interactions, to determine whether hypothesized inter-
active effects between ECM dominance and invasion
depend on site or soil depth, and we included % clay to
account for potential differences in underlying soil
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factors—though we acknowledge that % clay is an
imperfect predictor of soil organic matter dynamics
(Rasmussen et al. 2018). These additional terms were
subjected to removal via backwards selection, and the
most parsimonious model was selected based on AIC.
These models were also run for soil pH and moisture to
determine whether mycorrhizal associations or inva-
sion status co-varied with other potentially important
predictors of soil C and N pools. For response
variables that did not have a depth component (e.g.
resin N and plant biomass), general linear models were
fit with a similar approach. Finally, we used general
linear mixed models to determine whether the perfor-
mance of M. vimineum or its contribution to soil C
pools depended on ECM dominance. These models
were run as above, but just for the invaded subset of
plots (i.e. without invasion status or its interactions as
a factor). For all models, we tested whether model
residuals met assumptions of normality (Shapiro—
Wilk test) and homoscedasticity (Levene’s test).
When necessary, data were natural log transformed
to improve normality. Mixed model analyses were
performed in R 3.3.1 (R development Core Team)
using the nlme package (Pinheiro et al. 2014) and
results of the models were visualized using partial
residual plots created with the visreg package to
examine bivariate relationships while holding other
fixed effects constant (Breheny and Burchett 2017).

Results

Understory plant biomass did not vary with ECM
dominance (P = 0.66), and was six times greater in
invaded than in reference plots (P < 0.001; Table 2).
This difference was mostly driven by the presence of
M. vimineum biomass. M. vimineum biomass was
105 + 11 g m™2 (mean, SE) and did not vary with
ECM dominance (F; ¢ = 0.8, P = 0.39) or with site
(Fp26 = 1.2, P = 0.32; Table 1). Total basal area was
explained by the interaction between invasion and
%ECM (F;s5, =8.6 P =0.01) such that overstory
biomass tended to be greater in reference plots as
%ECM increases. Soil moisture and soil pH varied
across sites, soil depth, and with ECM dominance and
invasion status (Table 2). In general, ECM dominance
was negatively associated with moisture and pH. In
addition, ECM dominance and invasion status were
interactively related to soil moisture (P < 0.001) and
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soil pH (P = 0.01) such that invasion was associated
with wetter, less acidic soils in ECM plots, but not in
AM plots.

Ectomycorrhizal-dominated soils tended to have
lower resin-available inorganic N than AM-dominated
soils (Fig. 1), however this pattern depended on site
and invasion status (Invasion x %ECM x Site:
P =0.04; Table 2) and was driven by differences
in the resin-available NO;~  (Invasion x
%ECM x Site: P = 0.01; Table S1) which accounted
for ca. 85% of total resin N. Invasion was associated
with greater resin-available N pools, but only in ECM-
dominated plots in MC (Fig. 1).

Invasion effects on SOM pools

As hypothesized, the relationship between invasion
status and SOM pools depended on ECM dominance.
ECM plots had the largest invasion-associated SOM
differences, while invaded and reference SOM pools
were similar in AM plots. These general effects were
consistent across the sites, even though SOM and soil
properties differed among the three sites (Tables 1, 3).
However, the relationships of ECM dominance and
invasion with total C and N were weaker than
relationships with individual SOM pools due to the
opposing patterns of different SOM pools (Table 3;
Fig. S2). Total C was not related to invasion status or
ECM dominance. Total N was negatively related to
ECM dominance (P = 0.03), but this effect depended
on invasion status as invasion was associated with
lower total N in AM plots and greater total N in ECM
plots (Invasion x %ECM: P = 0.02).

To examine relationships of invasion status and
ECM dominance with different SOM pools, we
separated SOM into MAOM and POM pools (Table 3;
Fig. S2). ECM dominance was negatively related to
MAOM-N (P = 0.002) and MAOM-C (P = 0.02), but
positively interacted with invasion status such that
invasion was associated with greater MAOM-N
(P =0.002) and MAOM-C (P = 0.01) in ECM plots,
but not AM plots. For POM pools, soil depth
modulated the interaction between ECM dominance
and invasion status; the three-way interaction was
retained in N (P = 0.05) and C (P = 0.03) models. In
shallow soils, ECM dominance was positively asso-
ciated with POM-N and POM-C pools, and invasion
was associated with lower POM in ECM plots, but not
AM plots (Fig. S2). Because the interactions between
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Table 2 Linear mixed

- . Response Predictor Coeff. SE df F P
model (soil moisture and
pH) and general linear Resin N Invasion 0.332 0493 147 05 0.50
model (Resin N, plant %ECM —0002 0010 147 0. 0.81
biomass) results for resin-
available inorganic nitrogen Invasion x %ECM — 0.005 0.013 1,47 0.2 0.69
(resin N; ng N g resin~! Invasion x %ECM x site 2,47 3.6 0.04
d_l)’ soil moisture (%), soil Invasion x site 2,47 14 0.25
pH, and total understory .
biomass (plant biomass; %ECM x site 2,47 0.3 0.76
g m™?) with invasion status, Site 247 05 0.61
ectomycorrhizal-associated Soil moisture  Invasion —5799 2455 149 56 0.02
tree dominance (%ECM), %ECM —0324 0062 149 273  <0.001
soil depth (soil moisture and
pH), site, and clay content Depth — 6.837 0.925 1,54 547 < 0.001
(%) as predictors %Clay 0.356 0.115 1,49 9.6 0.003
Invasion x %ECM 0.258 0.051 1,49 259 < 0.001
%ECM x depth 0.039 0.019 1,54 4.1 0.05
Invasion x site 2,49 3.6 0.04
%ECM X site 2,49 3.1 0.05
Site 249 43 0.02
pH Invasion —0.189  0.187 1,54 1.0 0.32
%ECM — 0.007 0.003 1,54 6.5 0.01
Depth — 0.247 0.039 1,55 39.2 < 0.001
Invasion x %ECM 0.010 0.004 1,54 6.6 0.01
Site 2,54 11.0 < 0.001
Plant biomass Invasion 151 33 1,51 21.3 < 0.001
%ECM 0.217 0.491 1,51 0.2 0.66
Invasion x %ECM — 0.633 0.670 1,51 0.9 0.35
Invasion x site 2,51 2.5 0.09
Resin N was natural log Site 251 15 0.24
transformed

invasion and ECM dominance differed in direction for
POM and MAOM (invasion was associated with
greater MAOM, but less POM, with greater ECM
dominance), the MAOM:POM ratio differed in
invaded and reference plots across the gradient
(Fig. 2; Table S2). While MAOM:POM ratios tended
to decrease with increasing ECM dominance, there
was a mycorrhizal- and depth-dependent invasion
effect. In ECM plots, but not in AM plots, invasion
was associated with increased MAOM-N:POM-N
(Invasion x %ECM: P =0.01) and MAOM-
C:POM-C (Invasion x %ECM: P = 0.04). While
this interactive effect was consistent across all sites,
it depended on soil depth and was greater in shallow
soils for N (Invasion x %ECM x Depth: P = 0.03)
and, to a lesser extent, C (Inva-
sion X %ECM x Depth: P =0.12). Patterns in
SOM pools were driven by patterns in native-derived

SOM, as the analysis of native-derived C pools yielded
qualitatively similar results to that of the total (M.
vimineum-derived + native-derived) SOM pools
(Table S3).

Invader-derived carbon

Invaded soils were characterized by less negative 8'°C
values for POM-C (P = 0.003; Table S4), reflecting
M. vimineum’s C4 isotopic signature. For MAOM-C,
the invasion effect on 8'°C depended on its three-way
interaction with ECM dominance and site
(P = 0.006), such that invasion was associated with
a larger effect on 8'°C in AM plots in DF and WF, but
in ECM plots in MC. This was driven, in part, by the
strong negative relationship between 8'°C and %
ECM in reference plots at MC (Fig. S1). Using these
313 values, we estimated the size of M. vimienuem C
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Fig. 1 Partial residual plot showing the relationship between
ectomycorrhizal dominance and natural log transformed resin-
available nitrate in reference (a) and invaded (b) plots in
Whitehall Forest, Georgia, USA (WF; solid line); Moore’s
Creek, Indiana, USA (MC; dotted line); and Duke Forest, North
Carolina, USA (DF; dashed line). Partial residual plots enable
visualization of the effect of individual predictors in a linear
model while holding other predictors constant. Statistical output
from the full model is described in Table S1

pools. Carbon derived from M. vimineum accounted
for only 2.77 + 0.43% and 5.01 £ 0.62% (mean, SE)
of MAOM-C and POM-C pools, respectively, but this
contribution ranged from 0 to 13% for MAOM-C and
0 to 19% for POM-C, and varied with ECM domi-
nance, sample depth, site, and soil texture (Table S5).
M. vimineum contributed more C to shallow than to
deep MAOM-C—by mass (P =0.004) and by
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percentage of total MAOM C (P = 0.02)—and
POM-C pools by mass (P = 0.04) and percentage
(P =0.06). The effect of ECM dominance on the
percentage of M. vimineum-derived C in the MAOM-
C pool varied by site (Site x %ECM: P = 0.05).
Invasion of AM plots was associated with greater M.
vimineum-derived C in DF and WF, but invasion of
ECM plots was associated with greater M. vimineum-
derived C in MC (Fig. 3). However, M. vimineum-
derived C was insufficient to account for the greater
overall MAOM-C in invaded ECM plots at MC as this
pattern was mostly driven by changes in the native-
derived MAOM-C pool (Table S3).

Discussion

We sought to determine whether soil conditions,
which differ under distinct tree communities, modu-
late the response of SOM pools to invasion and
associated increases in high-quality C inputs. To do
this, we quantified total and invader-derived SOM
pools in invaded and reference plots spanning gradi-
ents of ECM-associated tree dominance, because
mycorrhizal gradients are known to predict differ-
ences in nitrogen availability and SOM stability in
temperate hardwood forests. Given that M. vimineum
has a C4 isotopic signature and is known to enhance
belowground C inputs via root exudates (Bradford
et al. 2012), our study system provided a unique
opportunity to investigate the context-dependent
effects C inputs in a natural setting. While we found
only minor changes in total C, our results suggest that
invasion of ECM-dominated soils, but not AM-
dominated soils, led to a substantial flush of native-
derived organic matter from the POM into the MAOM
pool. Notably, this effect was observed across three
sites that differed in their climatic and edaphic
properties. These endogenous changes to SOM could
have important consequences for ecosystem function-
ing and long-term feedbacks on invasion or priming
effects.

Effects of invasion on SOM pools depend on tree
community

We find support for our hypothesis that invasion
should decrease SOM in soils with low inorganic N
availability and high amounts of “unprotected”
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Table 3 Linear mixed
model results for total soil
organic matter, particulate
organic matter (POM), and
mineral-associated organic
matter (MAOM) nitrogen
(N), and carbon (C) pools
with invasion status,
ectomycorrhizal-associated
tree dominance (%ECM),
soil depth, site, and clay
content (%) as predictors

In each case, the response
variable in mg C or N mg
soil ™! was natural log
transformed

Response Predictor Coeff. SE df F P
Total N Invasion —0.18 0.110 1,53 2.8 0.10
%ECM —0.004 0.002 1,53 438 0.03
Depth — 0385 0046 1,55 68.8 < 0.001
%Clay 0.015  0.005 1,53 79 0.01
Invasion x %ECM 0.005 0.002 1,53 5.6 0.02
Site 2,53 89 < 0.001
Total C Invasion — 0.325 0.208 1,53 2.4 0.12
%ECM — 0.002  0.003 1,53 038 0.37
Depth — 0858 0.117 1,54 537 < 0.001
%Clay 0.022 0.009 1,53 56 0.02
Invasion x %ECM 0.006 0.004 1,53 23 0.13
Invasion x depth 0.251 0.166 1,54 23 0.14
Site 2,53 6.9 0.002
POM-N Invasion — 0.001  0.085 1,54 < 0.01 0.99
%ECM 0.002  0.001 1,54 29 0.10
Depth — 0321 0.084 1,52 14.8 < 0.001
Invasion x %ECM —0.003 0.002 1,54 2.6 0.11
Invasion x depth —0.045 0.106 1,52 02 0.67
%ECM x depth —0.002 0002 1,52 19 0.18
Invasion x %ECM x depth 0.004 0.002 1,52 4.0 0.05
Site 2,54 185 < 0.001
POM-C Invasion 0.020  0.263 1,54 < 0.01 0.94
%ECM 0.007 0.004 1,54 38 0.06
Depth —1.098 0242 1,52 206 < 0.001
Invasion x %ECM — 0.008  0.005 1,54 24 0.13
Invasion x depth — 0.204 0.306 1,52 0.4 0.51
%ECM x depth —0.005 0004 1,52 1.3 0.27
Invasion x %ECM x depth 0.015 0.006 1,52 52 0.03
Site 2,54 85 < 0.001
MAOM-N Invasion — 0.067 0.089 1,51 0.6 0.45
%ECM — 0.004 0.001 1,51 11.3 0.002
Depth — 0328 0.024 1,55 194 < 0.001
%Clay 0.009 0.004 1,51 49 0.03
Invasion x %ECM 0.006 0.002 1,51 11.3 0.002
Invasion x site 2,51 2.4 0.10
Site 2,51 14 0.26
MAOM-C  Invasion —0.092 0.178 1,51 0.3 0.61
%ECM — 0.006 0.003 1,51 5.6 0.02
Depth — 0.741 0.052 1,55 205 < 0.001
%Clay 0.012  0.008 1,51 2.0 0.16
Invasion x %ECM 0.010 0.004 1,51 69 0.01
Invasion x site 2,51 2.1 0.13
Site 2,51 02 0.79
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Fig. 2 Partial residual plot showing the variation in the natural
log transformed ratio of mineral-associated organic matter
(MAOM) to particulate organic matter (POM) nitrogen (N; a)
and carbon (C; b) explained by ectomycorrhizal dominance in
reference and invaded plots for 0-5 cm soils. Statistical output
from the full model is described in Table S2

particulate organic N. Consistent with previous work
(Phillips et al. 2013; Lin et al. 2016; Craig et al. 2018),
we observed these conditions in reference ECM plots.
In ECM plots, but not AM plots, we found that
invasion was associated with less POM—a pool
primarily comprised of recalcitrant plant inputs. We
note that this effect was limited to the top 5 cm of soil,
likely due to the greater abundance of POM at this
depth and due to the shallow rooting depth of M.
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Fig. 3 Partial residual plot showing the relationship between
ectomycorrhizal dominance and the natural log transformed
percentage of Microstegium vimineum-derived particulate
organic matter carbon (POM-C; a) and mineral-associated
organic matter carbon (MAOM-C; b) for Whitehall Forest,
Georgia, USA (WF; solid line); Moore’s Creek, Indiana, USA
(MC; dotted line); and Duke Forest, North Carolina, USA (DF;
dashed line) for 0—5 cm soils

vimineum. We infer that a smaller POM pool in
invaded ECM plots is driven by increased decay rather
than decreased inputs, a key assumption given that
POM is strongly influenced by plant litter inputs
(Lajtha et al. 2014). We cannot rule out the influence
of input differences as tree basal area tended to be
lower in invaded plots as ECM dominance increased.
However, understory biomass was much higher in
invaded plots, previous work demonstrates
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accelerated decay under M. vimineum (Strickland et al.
2010), and ongoing work at one of our sites confirms
faster decay of the native organic matter with invasion
of ECM plots (Kumar et al. unpublished). Thus,
invasion-accelerated decay in ECM plots is a likely
explanation for our findings, though future work
characterizing invader effects on decay should also
explicitly consider potential effects on inputs.

Previously reported M. vimineum-driven decreases
in POM have been observed along with increased
decay rates (Strickland et al. 2010) and are hypothe-
sized to result from microbial priming effects stimu-
lated by the greater quantity of high-quality
belowground C inputs (Strickland et al. 2010, 2011;
Bradford et al. 2012), though co-occurring changes in
soil pH, moisture, or N availability may also be
important. For example, M. vimineum-driven
decreases in soil C may be greatest in soils with low
inorganic N availability (Craig et al. 2015) due to
enhanced plant-microbial competition for available
inorganic N (Craig and Fraterrigo 2017). Yet, other
studies have reported that M. vimineum may have little
to no impact on POM pools (Kramer et al. 2012; Sokol
etal. 2017). We propose that these variable impacts on
the POM pool are explained by the N mining
hypothesis (Moorhead and Sinsabaugh 2006; Craine
et al. 2007), which proposes that high-quality C inputs
should favor decomposition in soils with low inor-
ganic N availability by lifting energetic constraints on
decomposers capable of acquiring N from the SOM.
While previous support for this hypothesis comes from
short-term, lab-based C-addition experiments (Kuzya-
kov 2010; Chen et al. 2014), our results indicate that N
mining owing to enhanced C inputs could be an
important constraint on SOM storage under realistic
field conditions. Although there is evidence from other
systems that plants can also stimulate decay of the
MAOM pool (e.g. Keiluweit et al. 2015), here we only
noted invasion-associated decreases in the unprotected
POM pool. Thus, our results suggest that invasion
effects depend on the extent to which SOM is
protected against microbial decay.

We also hypothesized that invasion-associated
increases in belowground C inputs to soils with high
inorganic N availability (i.e. AM plots) would favor
microbial growth and therefore an accumulation of
invader-derived C. This, we predicted, would lead to a
buildup of MAOM, which is primarily composed of
microbial products (Grandy and Neff 2008). However,

while our observation of greater M. vimineum-derived
Cin AM plots at two of the three sites provides partial
support for this hypothesis, we found no evidence of
MAOM buildup in AM plots. On the contrary,
invasion was associated with greater MAOM pools
in ECM plots, a pattern that persisted at both soil
depths. Thus, our data suggest that invasion simulta-
neously decreased the POM pool and increased the
MAOM pool in ECM plots. Though M. vimineum-
derived C did accumulate to a greater degree in ECM
plots at one site (MC), M. vimineum contributed only
small amounts of C to total soil C and patterns in total
C pools were explained by native-derived rather than
invader-derived C. Therefore, our results suggest that
invasion of ECM-dominated soils led to a flush of
native SOM from POM into MAOM pools. We
hypothesize the following mechanism to explain this
pattern. In N-limited soils, high-quality C inputs
stimulate microbial decomposers to break down
unprotected POM pools to acquire N. The resulting
increase in the growth and turnover of microbes
growing on POM substrates enhances the amount of
POM-derived C in microbial necromass, which can
then be stabilized on mineral surfaces. However, as
this was an observational study, there is a need to
consider the role of other covarying factors in
mediating our observed patterns.

Covarying factors

Similar to the patterns we observed for SOM pools, we
found that M. vimineum was associated with altered
soil pH and soil moisture in ECM-, but not AM-
dominated plots—two factors that could alter SOM
decay and formation, or modulate the effect of
enhanced C inputs on SOM. Consistent with previous
work (e.g. Ehrenfeld et al. 2001; Kourtev et al. 2003;
Craig and Fraterrigo 2017), we found that M.
vimineum was associated with higher soil pH. But
we only observed this pattern in ECM plots where we,
and others (e.g. Phillips et al. 2013), observed a lower
pH in reference plots. Given that soil acidity can
inhibit the decay of plant-derived organic matter
(Baath et al. 1980), this pH increase could have been
an additional factor that promoted the decay of the
POM pool in invaded, ECM-dominated soils. Alter-
natively, given previous evidence that priming effects
increase with soil pH (Blagodatskaya and Kuzyakov
2011), the effect of invader-derived inputs on SOM
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pools could have been amplified in ECM-dominated
soils. Lastly, soil pH is a key determinant of mineral-
organic association mechanisms (Rasmussen et al.
2018), so differences in pH could have led to changes
in SOM association with clay minerals or metal oxides
in invaded soils.

Soil moisture also could have played a role in our
observed SOM patterns. M. vimineum-dominated soils
are often associated with greater soil moisture than
paired uninvaded soils (e.g. Strickland et al. 2010;
Craig and Fraterrigo 2017)—an effect which could be
driven by shading under M. vimineum and accumu-
lated thatch—and pre-invasion soil moisture has been
found to predict M vimineum impacts on soil C pools
(Craig et al. 2015). We observed greater soil moisture
under M. vimneum, but only in ECM-dominated soils
where reference soils were drier than in AM-domi-
nated soils. This pattern of greater soil moisture in
invaded areas could promote the decay of the POM
pool by lifting water limitation on decomposition or by
facilitating the diffusion of C inputs to microbial
decomposers. Supporting this idea, previous research
has found that priming effects tend to increase with
soil moisture (Niklaus and Falloon, 2006; Dijkstra and
Cheng, 2007). Moreover, given that the formation of
mineral-organic associations is greatest in wet soils
(Kleber et al. 2015), greater moisture in invaded,
ECM-dominated soils may have facilitated a buildup
of the MAOM pool in these same plots. This
covariance of ECM dominance and invasion with soil
moisture may also explain why Craig et al. (2015) did
not similarly observe an invasion-associated MAOM
increase in soils with low inorganic N availability.
Nevertheless, as our results were only based on two
sample points of a dynamic variable, future work
should more rigorously evaluate how moisture and soil
pH might mediate the effects of invasion or enhanced
C inputs on SOM pools. Given that M. vimineum
associates with arbuscular mycorrhizal fungi, future
work might also consider how invasion-driven
changes in the mycorrhizal community affects ecosys-
tem processes across an ECM-dominance gradient.

Implications for SOM studies
Whatever the underlying mechanism, our finding that
M. vimineum invasion differentially affected individ-

ual SOM pools has important implications for our
understanding of invasion and other global change
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effects on SOM. For example, priming effects are
rarely determined by directly measuring SOM pools,
due to the short-term nature of most C addition
experiments, and are instead inferred based on CO,
efflux (Blagodatskaya and Kuzyakov 2011). In our
study, this approach would have underestimated the
full impact of invasion as the contrasting responses of
the POM and MAOM pools led to smaller invasion-
associated differences in total soil C. By directly
measuring SOM pools, we found evidence of an
invasion-associated flush of C from the POM pool into
the MAOM pool resulting in a dramatic increase in the
amount of SOM stored in MAOM versus POM pools
in ECM-dominated soils. Given the substantial differ-
ences in the stoichiometry, structure, and accessibility
of MAOM versus POM pools, these endogenous
changes to SOM could have important consequences
for microbial communities (Sessitsch et al. 2001),
nutrient cycling (Bingham and Cotrufo 2016), or C
storage (Kleber et al. 2015). For example, to the extent
that mineral-organic associations reduce microbial C
availability (Schneider et al. 2010) and impair enzyme
function (Bayan and Eivazi 1999), the concomitant
buildup of the MAOM pool with POM losses could
represent a negative feedback to priming effects in the
long term. Indeed, this pattern is predicted by a recent
theoretical simulation of AM-associated vegetation
invading ECM-conditioned soil (Sulman et al. 2017).
Such feedbacks could explain the lack of priming
effects observed in some long-term studies (e.g. Lajtha
et al. 2014; Cardinael et al. 2015; Luo et al. 2016). In
sum, our results highlight the importance of consid-
ering intrinsic changes to SOM as well as bulk SOM
stocks in investigations of priming effects.

Isotopic patterns and invader-derived carbon vary
by site

Despite the consistent patterns in total SOM, the
relationship of ECM dominance with 8'°C and
estimated invader-derived C accumulation varied by
site. Though we note that invader C accounted for a
very small fraction of SOM, which makes sense given
the dominance of tree inputs in M. vimineum-invaded
forests (Strickland et al. 2010). Invader C accumula-
tion was greatest in AM plots at WF and DF, as
hypothesized, but was greatest in ECM plots at MC.
We hypothesize that this relates to differences in
invasion age or soil traits among the three sites. First,
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we note that MC is likely the site with the youngest
invasion (discussed in “Methods”). This may drive
our observed patterns if the rates of inputs or outputs of
M. vimineum-derived C in ECM plots change over the
course of invasion. Though M. vimineum biomass did
not vary predictably, there could be differences in
belowground allocation within or among sites. For
example, plants may allocate more C belowground in
response to low inorganic N availability (Phillips et al.
2011) in ECM-dominated plots, leading to greater
microbial activity and faster turnover of organic N.
These traits may be favored for early generations of M.
vimineum (e.g. at MC) in ECM plots, but may become
less favored for later generations (e.g. at WF and DF)
after unprotected N has been depleted which would
explain our observation of greater inorganic N in ECM
plots at MC. Such generational shifts have been
reported for secondary compound production in
Alliaria petiolata (Lankau et al. 2009). Alternatively,
in newly invaded ECM plots, conditions and microbial
communities may not be optimal for decomposition of
the M. vimineum litter, but this may attenuate over
time (Kramer et al. 2012). These patterns reinforce the
need to understand how invasion and priming effects
change over time (Strayer 2012; Sokol et al. 2017;
Zhang et al. 2017).

Second, it is possible that the above pattern did not
result from invader inputs per se, but from invader-
mediated changes in the 3'*C of the native SOM. We
found a negative relationship between ECM-domi-
nance and soil 8'°C in reference plots, but only at MC.
This pattern may reflect differences in the tree
community (e.g. through differences in input §'°C)
or decay rates among sites. Moreover, given that 8'°C
values increase as organic materials are processed by
decomposers (Tiunov 2007), M. vimineum-driven
increases in decomposition could have caused a §'°C
increase that was most notable in ECM plots at MC
where 8'>C was initially lowest. If true, this would
suggest a need for isotopic tracking studies to consider
that factors other than the isotopic signature of inputs
could cause soil 8'"°C differences.

Summary
Our analysis of invasion-associated changes in SOM

across a mycorrhizal gradient represents one of few
attempts to characterize context-dependent effects of

soil C inputs in a natural setting. In partial support of
our hypothesis that invasion should lead to SOM
decreases in low inorganic N systems and increases in
high inorganic N systems, we found that the faster
cycling POM pool tended to decrease to a greater
degree in ECM-dominated forest plots. However,
despite the observation of greater invader-derived C
accumulation in AM forests at two of three study sites,
we did not find evidence that the accumulation of C
inputs leads to increases in the MAOM pool in systems
with high inorganic N. Overall SOM concentrations in
AM plots were unresponsive to invasion. Instead, we
observed much greater MAOM in invaded ECM plots,
driven by an apparent flush of the native SOM from
POM into MAOM pools. Our results suggest that C
inputs and biological invasion may alter the form and,
therefore, the function and long-term stability of soil
C, even where differences in respiration or total SOM
stocks are not apparent. Finally, our results emphasize
the importance of resolving the long-term effects of
enhanced C inputs, or indeed any global change, in
natural systems.
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