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lower tissue C:N ratios, suggesting that invasion increased 
rates of plant N acquisition. Concurrent with this pattern, 
we observed significantly higher mass-specific enzyme 
activities in invaded plots as well as 71% higher long-term 
N availability, 21% lower short-term N availability, and 
16% lower particulate organic matter N. A structural equa-
tion model showed that these changes were interrelated and 
associated with 27% lower particulate organic matter C in 
invaded areas. Our findings suggest that acquisition of N by 
this plant species enhances microbial N demand, leading to 
an increased flux of N from organic to inorganic forms and 
a loss of soil C. We conclude that high N acquisition rates 
by invasive plants can drive changes in soil N cycling that 
are linked to effects on soil C.

Keywords  Invasive plants · Nutrient uptake · Soil carbon · 
Enzyme activities · Nitrogen limitation

Introduction

The strong competitive ability of non-native plant species 
is considered a key factor promoting successful invasion 
potential (Roy 1990; Vila and Weiner 2004). Supporting 
this premise, many invasive plant species show higher rates 
of aboveground biomass accumulation than their native 
competitors (Liao et al. 2008; van Kleunen et al. 2010; Vilà 
et  al. 2011; Bottollier-Curtet et  al. 2013). This phenome-
non occurs even in nutrient-poor soils (Funk and Vitousek 
2007), raising the question of how invaders achieve high 
productivity and thus competitive dominance in resource-
limited environments. A leading explanation is that invasive 
species have higher resource-use efficiency (RUE) relative 
to natives. Indeed, many invaders enhance carbon (C) gain 
per unit nitrogen (N) by preferentially allocating nutrients 
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to photosynthetic tissues (James 2008; Fridley 2012; 
Heberling and Fridley 2013) or by more efficiently using 
resources on short timescales (Funk and Vitousek 2007). To 
be productive under resource-limiting conditions, an alter-
native strategy is to optimize resource acquisition (Funk 
et  al. 2016), a strategy that should trade off with RUE 
(Reich 2014). For example, Laungani and Knops (2009) 
found that the invasive tree species Pinus strobus acquired 
substantially more C than co-occurring native grasses, 
and this effect was a result of greater long-term N acqui-
sition rather than higher RUE. This strategy appears to be 
common among invasive plant species, which frequently 
increase the flux of nutrients from soils to aboveground 
biomass (Castro-Díez et  al. 2014), enhance plant nutrient 
pools (Liao et al. 2008), and deplete soil nutrient concen-
trations (Jo et al. 2015). Yet it remains unclear how invasive 
plants achieve high rates of resource uptake in resource-
limited environments and what the consequences are for 
ecosystem functioning.

There is increasing evidence that specialized root traits 
enhance the capacity of non N-fixing invasive plants to 
acquire N. Across 14 non-native and ten native temper-
ate forest species, Jo et  al. (2015) found that invasive 
species had greater specific root length and fine root pro-
duction, traits associated with high N acquisition (Craine 
2011; McCormack et  al. 2015). Associations with symbi-
otic fungi can also play an important role. Some invasive 
species enhance nutrient acquisition by associating with 
arbuscular mycorrhizal fungi (AMF; Pringle et  al. 2009; 
Lee et al. 2014), which are highly effective nutrient scav-
engers. However, although these factors can enhance 
acquisition of inorganic N, the bulk of soil N is stored in 
organic forms which must be mineralized before uptake by 
plants and AMF in temperate systems. This suggests that 
invasive species might increase their rate of N acquisition 
by accelerating the decomposition of litter inputs and/or 
soil organic matter (SOM), a process mediated by the soil 
microbial community. Whereas many studies have exam-
ined how invasion alters litter decomposition (Allison and 
Vitousek 2004; Ashton et  al. 2005; Arthur et  al. 2012), 
relatively few studies have investigated invasion effects on 
SOM. To elucidate how invasive plant species achieve high 
rates of resource uptake in resource-limited environments, 
improved understanding of how plant invasion affects the 
activities of SOM-degrading microbes is needed.

Regardless of invasion status, microbial degradation of 
SOM is catalyzed by extracellular enzymes, the produc-
tion of which is strongly regulated by microbial N demand 
(e.g., Deforest et  al. 2004). When inorganic N supply is 
insufficient to sustain microbial growth, SOM-degrading 
microbes can increase their production of N-acquiring 
extracellular enzymes (Hamman et al. 1997; Geisseler et al. 
2010), leading to increases in the amount of inorganic N 

available for plant and microbial uptake. Downregulation 
of extracellular enzyme production occurs when microbes 
immobilize this N, and results in the reduced supply of 
inorganic N (Geisseler et al. 2010; Piscitelli et al. 2011).

Although such microbial regulation of N cycling is 
common in many temperate systems (Knops et  al. 2002), 
growing evidence suggests that some plants can subvert 
microbial regulation of N cycling (Chapman et  al. 2006). 
Notably, plants showing high rates of N acquisition, like 
many invasive species, can outcompete microbes for inor-
ganic N (Kuzyakov and Xu 2013; Moreau et  al. 2015), 
thereby intensifying N limitation of SOM-degrading 
microbes and suppressing the downregulation of enzyme 
synthesis (Cheng et  al. 2012). Under these conditions, N 
is expected to shift from the SOM to plant biomass over 
the growing season. There is evidence that plant invasion 
results in elevated enzyme activities (e.g., Kourtev et  al. 
2002, 2003), as well as faster N cycling and SOM decom-
position rates (Liao et  al. 2008; Castro-Díez et  al. 2014), 
yet the mechanistic link between these patterns is only 
partly understood (Hawkes et  al. 2005). Moreover, we 
know little about how changes in N cycling affect soil C 
cycling in invaded systems.

Because C is lost as CO2 when SOM is degraded, 
increased plant–microbe competition for N may drive 
C loss in N-limited soils (Craine et  al. 2007). This could 
explain why in some cases soil C declines even though 
aboveground biomass increases following plant invasion 
(Tamura and Tharayil 2014; Craig et  al. 2015). Previous 
work has attributed this loss of C to priming effects (i.e., 
the stimulation of microbial activity by high-quality C 
inputs) in invaded soils (Strickland et  al. 2010). Priming 
is typically associated with increased microbial biomass 
(Fontaine et al. 2004; Blagodatskaya et al. 2007), however, 
and many studies report that microbial biomass decreases 
with invasion (e.g., Scott et  al. 2001; Strickland et  al. 
2010). If plant invasion intensifies the microbial commu-
nities’ demand for N, then we would expect both reduced 
microbial biomass because of microbial N limitation (Gal-
lardo and Schlesinger 1992; Hart and Stark 1997) and soil 
C loss because of higher rates of SOM decomposition 
(Craine et al. 2007). The input of high-quality C by inva-
sive plants may strengthen this effect because such com-
pounds provide energy and substrate for enzyme synthesis 
(Geisseler et al. 2010). Thus, we hypothesize that invasive 
plants enhance their acquisition of N in N-limited ecosys-
tems in part by outcompeting SOM-degrading microbes for 
inorganic N, leading to increased soil inorganic N availabil-
ity, and decreased soil organic N (SON) and C (SOC).

We tested this hypothesis by carrying out an integrated 
investigation of the effects of a well-studied invasive grass, 
Microstegium vimineum (Trin.) A. Camus, on microbial 
activities and soil C and N cycling in a temperate forest. 
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Microstegium vimineum is an annual, C4 grass that is native 
to Asia (Barden 1987). Though it is often found in high-
light, high-moisture areas (Warren et al. 2011), it is shade 
tolerant and found in a variety of habitats (Horton and 
Neufeld 1998; Huebner 2010; Cheplick and Fox 2011), 
including N-poor temperate forest understories (Craig 
et  al. 2015). Unlike many invasives, M. vimineum has a 
weak allelopathic potential (Corbett and Morrison 2012). 
M. vimineum can, however, accelerate N cycling rates 
(Demeester and Richter 2010) and deplete soil C pools 
(Strickland et al. 2010), though these effects are yet to be 
measured concurrently. Previously, we observed that the 
greatest negative effects of M. vimineum on soil C occur 
in areas with relatively high M. vimineum biomass and low 
ambient N availability (Craig et  al. 2015), suggesting the 
need to consider invader abundance and soil N availability 
to gain a more complete understanding of the mechanisms 
underlying invasion effects on SOC. Our earlier work also 
showed that the increase in aboveground biomass that 
occurs with M. vimineum invasion is associated with higher 
rates of plant N acquisition (Fraterrigo et  al. 2011), lead-
ing us to use plant cover as an indirect measure of plant 
N acquisition rate. We expect that M. vimineum acquires 
a large fraction of N from the SOM rather than fresh lit-
ter because M. vimineum produces slow-decomposing lit-
ter (Demeester and Richter 2010) and has little effect on 
the decomposition of native litter (Craig et  al. 2015). In 
this study, we therefore quantified plant cover (as a proxy 
for rate of plant N acquisition), and inorganic and organic 
N dynamics in invaded and uninvaded soils, to determine 
whether these factors are mechanistically related to previ-
ously reported effects of M. vimineum on SOC pools and 
enzyme activities (Craig et  al. 2015). We hypothesized 
that M. vimineum intensifies N demand of SOM-degrading 
microbes by increasing rates of plant N acquisition (i.e., 
increasing plant cover), thereby accelerating N release from 
the SOM. We predicted that microbial activity would be 
greater in invaded soils and associated with lower organic 
N and C and higher inorganic N. Moreover, we predicted 
that the magnitude of increase in plant cover would be a 
key predictor of alterations to microbial activity and cou-
pled effects on soil C and N cycling.

Methods

Study design

We worked in Eastern U.S. temperate forests, where N is 
broadly considered to limit plant productivity (Vitousek 
and Howarth 1991), across a region extending from Ashe-
ville, NC (35°35′N, 82°33′W) northwest to Pisgah National 
Forest (35°55′N, 82°47′W). Within this area, we selected 

twelve forested sites spanning a range of edaphic properties 
and surrounding land cover, representing the wide range of 
habitats occupied by M. vimineum (e.g., Huebner 2010). 
Site details are reported in Craig et  al. (2015). All sites 
were located in the French Broad River watershed, and 
had similar elevations (580–780 m) and hardwood-conifer 
canopies. Overstory composition at each site was typical of 
secondary forests in the region and consisted of Lirioden-
dron tulipifera, Pinus strobus, Quercus species, Juglans 
nigra, and Acer species. Soils were well-drained loams or 
sandy loams classified as Typic Hapludults or Typic Dys-
trudepts. The mean annual temperature and mean annual 
precipitation (30  year normals) were 13.6  °C and 94  cm, 
respectively.

In the year prior to sampling, four sets of 1 ×  2.5  m2 
paired invaded-uninvaded plots were set up around inva-
sion fronts (n =  96 total plots). Plots within a pair were 
located 1–5 m apart and selected to avoid any obvious envi-
ronmental gradients. The paired-plot approach assumes 
that invaded and uninvaded plots differ only in their inva-
sion status. Although we cannot definitively conclude that 
this assumption held true in our study, we contend that the 
paired-plot approach was adequate to observe the effects of 
M. vimineum in this study for two reasons. First, in unin-
vaded areas, we found no evidence of M. vimineum thatch, 
which would have been present had the area previously 
been invaded. Second, M. vimineum is a poor disperser 
locally, spreading only about one meter per year when un-
aided by disturbance (Warren et al. 2011). Moreover, evi-
dence from a seed addition experiment suggests that M. 
vimineum can overcome environmental limitation of germi-
nation and survival (Warren et al. 2012). Given that many 
of the populations we studied appeared to expand during 
the course of our study, our uninvaded plots were likely 
maintained by seed limitation rather than lack of habitat 
suitability for M. vimineum.

Soil and root sampling

In June and July 2012, we sampled soils with a 2 cm diam. 
soil probe. In each plot, eight approximately evenly spaced 
soil cores (30 cm apart, located along a transect bisecting 
the plot) were collected from the top 10 cm of mineral soils 
and composited. Samples collected in June were air dried, 
sieved to 2  mm, and used to determine soil pH (2:1  mL 
H2O:g soil) as well as SON and SOC pools (see below). 
Samples collected in July were rapidly sieved to 4 mm and 
stored at 5 °C until analysis for inorganic N, microbial bio-
mass, extractable dissolved organic C (DOC), and miner-
alizable C or −80 °C until analysis for enzyme activities. 
Since many of these parameters likely vary at short time 
scales, we chose to measure them on samples collected 
near peak M. vimineum biomass. We chose to sieve to 
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4  mm rather than 2  mm to facilitate rapid processing of 
moist soils. In July, additional samples were collected for 
determination of bulk density and root biomass. Bulk den-
sity (0–10  cm depth, 5.08  cm diameter corer) was deter-
mined via the core method and averaged from four sam-
ples per site. Root biomass was determined by thoroughly 
picking all roots from samples collected with one 10.16 cm 
diam. core per plot, washing with deionized water, drying 
at 55 °C, weighing, and grinding for analysis of C and N 
content (see below). We also characterized soil moisture 
and temperature. To acquire an average effect of invasion 
within each site, we determined soil moisture and tem-
perature in two locations at each plot eight times through-
out the year using a 5 cm moisture probe (5TM, Decagon, 
Pullman, Washington). Gravimetric moisture (105 °C) was 
also determined to express soil parameters on a dry weight 
equivalent basis.

Plant cover as a proxy for rates of plant N acquisition

In a previous study, we tracked the fate of isotopically 
labeled inorganic and organic N species and found higher 
rates of N acquisition in both the invasive and native under-
story vegetation of M. vimineum-invaded plots (Fraterrigo 
et  al. 2011). Moreover, a substantial fraction of the label 
was found in the aboveground biomass. For these rea-
sons, we explored using plant cover as a proxy for plant 
N acquisition rate. We characterized understory plant 
cover in two 1  m2 plots within each plot. Two observers 
working together visually assessed the percentage cover 
(below 1  m height), rounded to the nearest ten, of seven 
plant functional groups (non-M. vimineum grasses, forbs, 
woody plants, N-fixers, ferns, mosses, and M. vimineum). 
Cover of all functional types was summed and averaged 
between the two subplots to calculate total plant cover for 
each plot. To determine whether plant cover was an ade-
quate proxy for plant N acquisition rate, we first compared 
M. vimineum and total cover to M. vimineum aboveground 
biomass (collected from 625  cm2 squares adjacent to the 
study plots; Craig et  al. 2015). We then examined root N 
content and previously reported aboveground biomass N 
content (Strickland et al. 2010) to infer whether greater M. 
vimineum biomass was associated with enhanced plant N 
uptake.

Soil inorganic nitrogen

We quantified inorganic N availability using three metrics. 
We measured the amount of soil inorganic N instantane-
ously and at a seasonal scale to represent the amount of 
inorganic N available for uptake by microbes and plants, 
respectively. Because microbes have short life spans 
(days) relative to plant roots (months), the instantaneous 

measure better characterizes the amount of inorganic N 
available to the microbial community. The seasonal meas-
ure better reflects the amount of inorganic N available for 
plant uptake by accounting for the turnover and release of 
N from the microbial biomass across the growing season 
(Kaye and Hart 1997; Kuzyakov and Xu 2013). To measure 
the amount of instantaneously available inorganic N (here-
after “short-term N availability”), we extracted a  ~10  g 
subsample of soil in the field, immediately after sieving, in 
pre-weighed cups containing 80 mL of 2 M KCl. To meas-
ure the amount of seasonally available inorganic N (hereaf-
ter “long-term N availability”), we deployed ion-exchange 
resin bags for two months (June-Aug) as in Craig et  al. 
(2015). Two resin bags were destroyed during incubation 
and were not included in data analysis. We also measured 
net N transformations as an index of microbial N cycling 
rates and microbial N limitation. We quantified the rates of 
potential net N mineralization and nitrification in the labo-
ratory by incubating a subsample of soil at 20 °C and 65% 
water-holding capacity (WHC) for 30 d before extracting 
in 2  M KCl. All KCl slurries were analyzed for NH+

4
-N 

and NO−

3
-N as in Craig et al. (2015). Potential net N min-

eralization rates were calculated as the difference in total 
inorganic N between field- and post-incubation extractions 
while potential net nitrification rates were calculated as the 
difference in NO−

3
-N.

Soil microbial properties

Microbial biomass C was determined via a simultane-
ous chloroform fumigation-extraction (CFE) procedure as 
described in Fierer and Schimel (2003). Dissolved organic 
C was determined in extracts after shaking soils in 0.5 M 
K2SO4 for 4 h. Active soil microbial biomass was estimated 
as the pulse of CO2 following the addition of a high-quality 
C substrate to soil samples (hereafter substrate-induced res-
piration; SIR). Substrate-induced respiration was measured 
by incubating 4 g soil (oven dry equivalent) with 4 mL of 
autolyzed yeast extract solution (1.2% w/v) at 20  °C for 
4 h (Fierer and Schimel 2003). Soil slurries were capped to 
allow for headspace analysis of CO2 concentrations at the 
end of the incubation using infra-red gas analysis (Li-Cor 
Biosciences, Lincoln, NE). We report uncorrected values 
for both CFE and SIR.

To assess the activity of microbial decomposers, we 
quantified the activities of four extracellular enzymes: 
β-glucosidase (BG), β-1,4-N–acetylglucosaminidase 
(NAG), phenol oxidase (PPO), and peroxidase (PER). 
Potential activities of these hydrolytic and oxidative 
enzymes are calculated as the amount of substrate cleaved 
during a brief incubation and assays are thoroughly 
described in Finzi et al. (2006).
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Soil and root organic C and N

We isolated the particulate organic matter (POM) because 
it is thought to represent a faster-cycling pool of organic 
matter that is unprotected from decay by soil microbes. 
POM fractionations were modified from Marriott and Wan-
der (2006). Briefly, 10 g soil was dispersed by shaking with 
5% (w/v) sodium hexametaphosphate. The sand fraction 
was then collected on a 53 µm-mesh fabric, dried at 55 °C 
and ground with a mortar and pestle for analysis of C and 
N by combustion (Costech ECS 4010, Costech Analytical 
Technologies, Valencia, CA, USA). Total organic C and N 
of each soil and root sample were also determined by com-
bustion. Finally, we quantified mineralizable C as an index 
of the labile C pool (sensu Strickland et al. 2010). Briefly, 
soils were maintained for 60 days at 20 °C and 65% WHC. 
We quantified respiration rates (over a 24 h period) seven 
times over the course of the incubation and estimated min-
eralizable C as the area under the curve derived by plotting 
CO2 production over time.

Data analysis

While Eastern U.S. temperate forests are generally consid-
ered N-limited systems, the forests studied here spanned a 
wide gradient of soil N availability, which was previously 
found important for explaining variation in M. vimineum 
impacts on soil C (Craig et  al. 2015). Thus, to ensure 
that our results reflected the mechanisms underlying M. 
vimineum impacts in N-limited systems, we analyzed the 
effects of M. vimineum on N, C, and microbial dynamics in 
a subset of plots that we determined to have low amounts 
of available N. To make this determination, we classified 
paired plots as having “low N” or “high N” availability 
(sensu Craig et al. 2015) based on whether long-term soil 
NO

−

3
 in the uninvaded plots was lower or higher, respec-

tively, than the median value for all uninvaded plots. Sta-
tistical analyses were performed on both the “low-N” plots 
and the total dataset.

To test the hypothesis that microbes are more active on 
a per unit biomass basis under M. vimineum, we expressed 
measures of microbial activity (enzymes and SIR) relative 
to CFE microbial biomass (sensu McFarland et al. 2013). 
Scaled enzyme activities represent relative microbial 
investment in enzymes, while SIR:CFE is a relative index 
of the proportion of the microbial biomass that is active 
rather than dormant. Previous work consistently shows a 
decline in microbial biomass following M. vimineum inva-
sion (Strickland et al. 2010; Kramer et al. 2012), so scaling 
by microbial biomass also allowed us to isolate the effects 
of invasion on microbial activity per se.

For both low-N plots and the complete dataset, we 
tested the effects of invasion on soil properties by fitting 

linear mixed models with invasion treatment as a fixed fac-
tor and site as a random factor. An invasion by site inter-
action term was also included as a random factor but was 
dropped as it was never significant. Because this study was 
primarily concerned with invasion effects, we do not report 
site effects. For variables that were measured on multiple 
sampling dates (soil moisture and temperature), we used a 
repeated measures linear mixed model with invasion, sam-
pling date, and sampling date ×  invasion as fixed factors, 
site as a random factor, and sampling date repeated. For 
all analyses, we tested assumptions of normality (Kolomo-
grov–Smirnov test) and homogeneity of variance (Levene’s 
test). When necessary, we transformed data (natural log or 
square root). All analyses were performed using SAS v. 9.4 
(Proc Mixed; SAS Institute, Cary, NC, USA).

To integrate and evaluate support for the various poten-
tial mechanisms affecting C and N dynamics in invaded 
areas, we created structural equation models (SEMs) for 
low-N plots and for all plots, separately. We hypothesized 
that invasion would be associated with greater total plant 
cover which, in turn, would alter mass-specific microbial 
activity. We expected that changes in this variable would 
affect POM C and the ratio of long-term NO−

3
 availabil-

ity to POM N (LT NO−

3
:POM N), the latter of which rep-

resents the change in plant-available, inorganic N relative 
to organic N. We expected that this ratio would be greater 
in invaded soils if invasion intensified N demand of SOM-
degrading microbes and accelerated N release from the 
SOM. We focus on NO−

3
 rather than total inorganic N 

because M. vimineum prefers this species of N (Kourtev 
et  al. 1999; Lee et  al. 2012). Of the five variables in the 
SEM, mass-specific microbial activity was latent with our 
five measures of CFE biomass-scaled activities (enzymes 
and SIR) as indicators while the remaining variables (inva-
sion status, plant cover, POMC, and LT NO−

3
:POM N) were 

directly observed.
We fit the SEM in two steps as recommended by 

Grace (2006). First, we fit the measurement model which 
related the latent variable, mass-specific microbial activ-
ity, to its indicators. Upon achieving an adequate fit, we fit 
full structural models. We fit the data to the hypothesized 
model using the maximum likelihood estimation method. 
The resulting parameter estimates were used to generate 
a model-implied variance–covariance matrix which was 
compared to the observed variance–covariance matrix. 
From this comparison, a χ2 goodness-of-fit statistic was 
generated and the associated P value was used to assess 
model fit. A P value >0.05 indicates no significant differ-
ence between the model-implied and observed variance–
covariance matrix, implying an adequate fit. Thus, no mod-
ifications were made to improve the model fit or variance 
explained as long as this criterion was met. For adequate 
SEMs, we calculated standardized path coefficients to 
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compare the relative importance of various pathways. SEM 
analyses were performed using AMOS 23 (AMOS Devel-
opment, Spring House, Pennsylvania, USA).

Results

Plant cover and N dynamics

Invasion was associated with 65% higher plant cover across 
all plots (F1,83 = 175.1, P < 0.001; Fig. S1) and 77% higher 
cover in low-N plots (F1,36 = 182.4, P < 0.001; Fig. 1). The 
majority of the differences in plant cover were accounted 
for by M. vimineum, which comprised 52 ± 3% (mean, SE) 
of total plant cover across all invaded plots and 49 ± 4% 
of plant cover in low-N invaded plots (Figs.  1, S1). M. 
vimineum cover was positively related to M. vimineum bio-
mass samples collected adjacent to plots and reported in 
Craig et  al. (2015; Fig. S2). M. vimineum cover was also 
positively associated with total plant cover (Fig. S3). The 
cover of non-M. vimineum plant functional groups differed 
between invaded and uninvaded plots, with invaded plots 
having a greater percentage of grass cover (F1,83  =  5.0, 
P = 0.03) and uninvaded plots having a greater percentage 
of woody plant cover (F1,83 =  15.7, P  <  0.001; Fig. S4). 
These patterns were similar in the low-N plots (Fig. S5).

In addition to the differences in total cover, plant tissues 
collected from invaded plots were more N-rich. Across all 
plots, root N concentrations were 12.31 ±  0.50  mg  N g 
root−1 (mean, SE) in invaded versus 11.70 ±  0.41  mg  N 
g root−1 in uninvaded plots (F1,83 =  1.2, P =  0.27) and 
root C:N values were 35.18  ±  1.52 in invaded ver-
sus 38.79  ±  2.03 in uninvaded plots (F1,83  =  2.0, 
P  =  0.15). In low-N plots, root N concentrations were 
12.10 ±  0.77  mg  N g root−1 (mean, SE) in invaded ver-
sus 10.99  ±  0.65  mg  N g root−1 in uninvaded plots 
(F1,36  =  2.21, P  =  0.15) and root C:N values were 
33.68 ± 1.75 in invaded versus 41.29 ± 3.72 in uninvaded 
plots (F1,36 = 4.26, P < 0.05).

Soil N dynamics

Rates of potential net N mineralization were low and we 
observed negative rates of potential net N mineralization in 
c. 45% of soils collected from invaded and uninvaded plots 
(Tables 1 and S1). Across all plots and within low-N plots, 
nitrogen mineralization assays were dominated by nitrifica-
tion, and invaded soils tended to have higher potential net 
nitrification and net N mineralization (Tables  1 and S1). 
In situ, short-term inorganic N availability, which was pre-
dominately (96%) NH+

4
, was 21% lower in invaded than 

uninvaded soils in the low-N plots (F1,36 = 4.6, P = 0.04; 
Fig.  2a), and 14% lower across all plots (F1,83  =  4.2, 

P =  0.04; Fig. S6a). By contrast, long-term inorganic N 
availability was higher in invaded than uninvaded soils. The 
largest differences were observed for long-term NO−

3
 avail-

ability, which was 107% higher in invaded soils across all 
plots (F1,81 = 8.7, P < 0.01; Fig. S6b), and 17 times higher 
in invaded soils in the low-N plots (F1,36 = 14.8, P < 0.001; 
Fig. 2b). There was no difference in long-term NH+

4
 overall 
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Fig. 1   Microstegium vimieneum (MV) and other plant cover (non-
MV) below 1 m height estimated within a 2 m2 area in plots where 
ambient nitrate availability was lower than the median value for the 
data set. Values are means ± 1 SE (n = 23). Asterisks indicate signifi-
cant differences between invaded and uninvaded plots in total plant 
cover (***P < 0.001)

Table 1   Soil properties (mean ± 1 SE) for uninvaded and Microste-
gium vimineum-invaded plots in low-N areas

Significant P values are shown in bold

F values, degrees of freedom, and P values are reported for the main 
effect of Microstegium vimineum. Where significant, P values are 
shown in bold. Units for N and C pools are g m−2 at 10 cm depth. 
Potential N mineralization and nitrification are shown in µg m−2 d−1

a  Craig et al. (2015)
b  Statistics reported for natural-logarithm transformed data

Variable Uninvaded Invaded Fdf P

pHa 4.91 ± 0.14 5.24 ± 0.11 13.41,36 <0.001

Soil moisture 
(mL/mL)

0.225 ± 0.006 0.249 ± 0.006 27.11,302 <0.001

Soil temperature 
(°C)

17.47 ± 0.25 17.25 ± 0.22 0.51,302 0.48

Total organic 
Ca, b

2461 ± 166 1884 ± 118 13.31,36 <0.001

Potential net N 
mineralization

−2.95 ± 8.50 10.02 ± 7.19 2.31,36 0.14

Potential net 
nitrificationb

35.83 ± 8.18 40.20 ± 6.76 3.21,36 0.08

Total organic N 147.2 ± 13.8 122.1 ± 8.7 7.01,36 0.01
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(F1,80 =  0.2, P =  0.67; Fig. S6c) or in the low-N plots 
(F1,35 =  3.1, P =  0.09; Fig.  2c). Organic N content was 
lower in invaded soils. Compared with uninvaded soils, 
invaded soils had 24% less POM N (F1,82 = 5.4, P = 0.02; 
Fig. S6d) and 15% less total organic N (Table S1) across all 
plots. In low-N plots, POM N was 16% lower (F1,36 = 5.2, 
P = 0.03; Fig. 2d) and total N was 17% lower (Table 1) in 
invaded plots.

Microbial activity

Unscaled extracellular enzyme activities and SIR microbial 
biomass were similar in invaded and uninvaded areas for 
both the whole dataset and the low-N plots, despite sig-
nificantly less CFE microbial biomass under M. vimineum 
overall (F1,83 = 14.6, P < 0.001; Fig S7a) and in the low-N 
plots (F1,36 =  6.4, P =  0.02; Fig.  3a). There was no dif-
ference between invaded and uninvaded areas for phenol 
oxidase (P > 0.52), peroxidase (P > 0.32), or β-glucosidase 
(P > 0.15) activities or SIR microbial biomass (P > 0.13). 

The exception was NAG, which was non-significantly 
lower in invaded areas (P > 0.07). When enzyme activities 
and SIR were expressed on a per unit microbial biomass 
basis, however, striking differences emerged between unin-
vaded and invaded soils. Specifically, invaded soils showed 
significantly higher scaled enzyme activities and SIR than 
uninvaded soils (Fig. S7), particularly in the low-N plots 
(Fig. 3).

Effects of invasion on soil C and other properties

Invaded soils had significantly less organic C than unin-
vaded soils. For the low-N plots, we observed 35, 10, 27, 
and 23% less DOC (F1,36 = 15.4, P < 0.001), mineralizable 
C (F1,36 = 3.0, P = 0.09), POM C (F1,36 = 11.1, P < 0.01), 
and total C (Table 1), respectively, in invaded areas (Fig. 4). 
Similarly, across all plots, we observed 29, 12, 25 and 
19% less DOC (F1,83 = 23.6, P < 0.001), mineralizable C 
(F1,83 = 6.4, P = 0.01), POM C (F1,82 = 11.0, P < 0.01) 
and total C (Table S1), respectively, when M. vimineum 
was present (Table S1; Fig. S8).
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Fig. 2   Short-term nitrogen availability (NH+

4
 + NO−

3
) collected from 

KCl extracts (a), long-term NO−

3
-N (b) and NH+

4
-N (c) availability 

from in  situ resin bag incubations, and particulate organic N (d) in 
invaded and uninvaded areas for plots where ambient nitrate availabil-

ity was lower than the median value for the data set. Resin data for 
uninvaded plots were previously reported in Craig et al. (2015). Values 
are means ± 1SE (n = 23). Asterisks indicate significant differences 
between invaded and uninvaded plots (*P < 0.05, ***P < 0.001)
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Invasion was associated with significant differences 
in soil pH and soil moisture, but not with soil tempera-
ture (Tables 1, S1). On average, soil pH was 0.34 pH units 
higher in invaded plots (F1,83  =  24.2, P  <  0.001). Soil 
moisture was greater in invaded plots for all sampling dates 
(F1,643 = 23.8 P < 0.001), though this effect was weaker in 
the spring.

Structural equation model

Our SEM adequately fits our data for POM C in the 
low-N plots (χ2 = 24.2, P = 0.09, df = 16; Fig. 5a) and 
overall (χ2 =  23.2, P =  0.11, df =  16; Fig. S9a) and LT 
NO3

−:POM N in the low-N plots (χ2 =  26.2, P =  0.05, 
df = 16; Fig. 5b) and overall (χ2 = 18.0, P = 0.26, df = 16; 
Fig. S9b). The SEMs explained 35 and 24% of the variabil-
ity in each response, respectively, in the low-N plots, and 
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(n =  23). Asterisks indicate significant differences between invaded 
and uninvaded plots (*P < 0.05, **P < 0.01)
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20% and 13%, respectively, in the overall dataset. Invasion 
was positively related to total plant cover (low-N: r = 0.77, 
P  <  0.001; overall: r =  0.68, P  <  0.001) which, in turn, 
was positively related to mass-specific microbial activities 
(low-N: r = 0.55, P < 0.001; overall: r = 0.46, P < 0.001). 
Enzyme activities were negatively associated with POM 
C (low-N: r  =  −0.43, P  =  <0.01; overall: r  =  −0.35, 
P < 0.001) and positively associated with LT NO3

−: POM 
N (low-N: r = 0.28, P = 0.05; overall: r = 0.24, P = 0.07). 
In addition, invasion was directly, negatively related to 
POM C (low-N: r = −0.27, P = 0.04; overall: r = −0.19, 
P = 0.04) and positively related to LT NO3

−: POM N (low-
N: r = 0.30, P = 0.04; overall: r = 0.22, P = 0.06).

Discussion

Increasing evidence suggests that some invasive plant 
species gain competitive advantage in nutrient-limited 
systems because of their enhanced capacity to acquire 
soil nutrients (Jo et  al. 2015), but the mechanisms by 
which invasive plants enhance the uptake of limiting 
nutrients are poorly understood. Here, we found that 
plots invaded by M. vimineum had higher plant cover 
and lower tissue C:N ratios, and lower amounts of soil 
inorganic N available in the short term. Mass-specific 
metabolic activities of the decomposer community were 
also higher in invaded plots. Our SEM revealed that these 
patterns were related and partly explained observations 

of both greater inorganic relative to organic N and less 
soil C in invaded plots. In addition, the effects of M. 
vimineum on soil N, C, and microbial activities as well 
as the mechanism reflected in the SEM were stronger 
in low-N plots supporting that these patterns are related 
to plant nutrient acquisition in nutrient-limited, and not 
nutrient-rich, systems. Overall, these findings support the 
hypothesis that invasive species can enhance N acquisi-
tion by outcompeting SOM-degrading microbes for inor-
ganic N, leading to enhanced SOM mineralization. While 
the confirmation of this mechanism warrants experimen-
tal testing, our results nonetheless suggest that invasion 
effects on both C and N cycling are linked through one 
mechanism.

The increase in plant cover was one of the most quali-
tatively obvious effects of M. vimineum invasion. In a pre-
vious study, we found that high aboveground biomass in 
M. vimineum-invaded areas is associated with enhanced 
plant N acquisition rates (Fraterrigo et  al. 2011). Thus, 
we used plant cover as a proxy for aboveground biomass 
and, therefore, plant N acquisition rates. We determined 
that this was an adequate, though imperfect proxy. For 
example, while we detected a clear positive relationship 
between M. vimineum biomass and M. vimineum cover, 
this relationship explained only 43% of the variation in 
M. vimineum biomass. Nonetheless, we found that the 
abundance of M. vimineum in invaded plots was the pri-
mary difference between invaded and uninvaded plots and 
the increase in total plant cover in invaded plots was due 
to greater M. vimineum cover. Moreover, the structure of 
the native understory communities was similar in invaded 
and uninvaded plots, indicating that the observed increase 
in cover was due to greater plant biomass in invaded plots 
rather than differences in community structure. Meta-anal-
yses show that invasion results in higher primary produc-
tivity at the site level across a wide range of non-native 
species (Liao et al. 2008). While this has previously been 
reported for M. vimineum in forests with sparse under-
stories (e.g., Bradford et al. 2009; Fraterrigo et al. 2011), 
we find that this pattern arises even in our study system 
which has a dense understory and where N availability 
presumably limits plant productivity, as is generally the 
case in Eastern U.S. forests. Our N mineralization data 
suggest that the soils in which we worked were N-poor. 
For example, we measured net immobilization in about 
half of our N mineralization assays and even our highest 
measured potential net N mineralization rate, 0.785 mg kg 
soil−1 d−1 (Site 2, uninvaded plot 2 as classified in Craig 
et al. 2015), would be considered below average relative to 
other measured rates in the French Broad River watershed 
(Fraterrigo et  al. 2005, 2006). However, N limitation of 
plant and, especially, microbial growth are difficult to con-
firm and additional studies on N-related invader impacts in 
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Fig. 5   Results of SEM analysis for particulate organic matter car-
bon (a) and the ratio of long-term NO−

3
 to particulate organic mat-

ter nitrogen (b) in plots where ambient nitrate availability was lower 
than the median value for the data set (n =  46). Thickness of lines 
corresponds to the strength of the relationship. “Mass-specific micro-
bial activity” is a latent variable representing enzyme and substrate-
induced respiration on a per unit biomass basis
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N-limited systems should verify N status of invaded and 
uninvaded soils.

In N-limited soils, both an increase in N-use efficiency 
and an increase in N uptake could lead to enhanced pro-
ductivity in invaded sites. Invaders of nutrient-limited soils 
often have high nutrient-use efficiency (Funk and Vitousek 
2007). Indeed, previous work has found N-use efficiency 
to be elevated in M. vimineum relative to native plants 
(Demeester and Richter 2010; Lee et al. 2012). According 
to whole plant economics, this nutrient-conservative strat-
egy should be associated with poor nutrient acquisition 
abilities (Reich 2014). However, when examining whether 
plant economic tradeoffs hold for invasive species, Heber-
ling and Fridley (2013) found that many invaders have 
strategies that deviate from these predicted tradeoff rela-
tionships such that invasive species have traits associated 
with both enhanced resource conservation and acquisition. 
M. vimineum is likely one of these outliers.

The observed increase in plant cover, together with 
the lack of decrease in plant tissue N concentrations and 
decrease in tissue C:N ratios, suggests that invasion by M. 
vimineum enhances rates of plant N acquisition. Whereas 
nutrient-conservative species would be expected to have 
lower N concentrations, we did not observe this effect in 
root tissues collected from invaded plots. Although we did 
not characterize the chemical composition of aboveground 
biomass, previous investigations in southeastern temper-
ate forests found that N concentrations were 26% higher 
in aboveground M. vimineum biomass than in the native 
biomass (Strickland et  al. 2010). Moreover, Fraterrigo 
et al. (2011) conducted a 15N tracer study to evaluate plant–
microbe competition for N in plots invaded by M. vimineum 
and in control plots. They found a higher total amount of 
plant 15N uptake in invaded plots, with M. viminuem favor-
ing inorganic forms and allocating it primarily to shoots. 
The magnitude of this increased N uptake was primarily 
attributed to the accumulation of N in aboveground bio-
mass in invaded plots. These observations suggest a shift 
in N partitioning toward greater aboveground storage. Con-
sistent with this pattern, we observed reduced SON and 
short-term inorganic N availability under M. vimineum-
dominated vegetation. Moreover, a study at a nearby site 
found that dissolved organic N and microbial biomass N 
were 34 and 42% lower, respectively, while microbial C:N 
was 16% higher under M. vimineum-dominated vegetation 
(Fraterrigo et al. unpubl. data). Taken together, these find-
ings suggest that M. vimineum strongly competes for and 
sequesters N in its biomass.

Microstegium vimineum is known to possess several root 
traits that may promote high rates of inorganic N uptake 
from the soil. Previous research suggests that M. vimineum 
enhances the rhizodeposition of C-rich compounds (Strick-
land et al. 2010): a strategy that plants use to obtain N from 

either root-associated mutualists or saprotrophic decom-
posers (e.g., Hamilton and Frank 2001). Bradford et  al. 
(2012) found that about 15% of photosynthate C is recov-
ered in the soil microbial biomass under M. vimineum after 
only two days. AMF may play a key role in this exchange 
of C for N. AMF are highly effective competitors for 
inorganic N (Smith and Read 2008), have been shown to 
deplete soil nutrients (Pringle et al. 2009), and are known 
to be promoted by M. vimineum (Kourtev et al. 2002; Lee 
et  al. 2012). Future work should examine the N relations 
between AMF, SOM-degrading microbes, and invasive 
plants.

The effects of M. vimineum on soil inorganic N may 
explain the common finding that the microbial commu-
nity is more active on a per unit biomass basis under M. 
vimineum-dominated vegetation. Despite significant reduc-
tions in CFE microbial biomass in areas invaded by M. 
vimineum, SIR and enzyme activities have been found to 
either increase or remain unchanged (Kourtev et al. 2002, 
2003; Strickland et  al. 2010; Fraterrigo et  al. 2011). In 
agreement with these findings, we observed declines in 
CFE microbial biomass and detected no significant change 
in SIR or enzyme activities, except for NAG which was 
marginally lower under M. vimineum-dominated veg-
etation. However, when scaled to microbial biomass, all 
enzyme activities were higher under M. vimineum-domi-
nated vegetation. Furthermore, the SEM shows a positive 
relationship between plant cover and microbial activity per 
unit biomass. Other studies have attributed this increase 
in microbial activity to priming effects. However, prim-
ing effects are typically associated with increased micro-
bial biomass (e.g., Blagodatskaya et al. 2007, Drake et al. 
2013) whereas we observed substantially lower CFE bio-
mass under M. vimineum-dominated vegetation, suggest-
ing that microbial biomass was constrained by other fac-
tors. In response to N limitation, microbial communities 
may decrease their carbon use efficiency and increase their 
nitrogen use efficiency (Manzoni et al. 2012; Mooshammer 
et al. 2014) and enhance enzyme production to acquire N 
from the SOM (Geisseler et  al. 2010), which collectively 
could reduce microbial biomass C.

We propose that the increase in mass-specific microbial 
activity brought on by enhanced plant–microbe N competi-
tion and potentially fueled by root-derived C inputs leads 
to an increase in N and C mineralization and, ultimately, a 
loss of SON and SOC as long-term inorganic N availability 
is enhanced. Supporting this, we found that mass-specific 
microbial activity was negatively related to SOC and posi-
tively related to LT NO3

−:POM N. Rapid N turnover from 
leaf litter could also lead to higher soil nutrient availabil-
ity and primary productivity without depleting SON (Alli-
son and Vitousek 2004; Heneghan et al. 2006; Arthur et al. 
2012). However, while it is often assumed that invasive 



593Oecologia (2017) 184:583–596	

1 3

plants possess rapidly decomposing litter, a recent survey 
of decomposition rates of 36 invasive and 42 native leaf lit-
ters found that this is not a generalizable pattern (Jo et al. 
2016). Indeed, M. vimineum thatch is known to release N 
slowly (DeMeester and Richter 2010), so it is unlikely that 
M. vimineum litter would be a substantial N source within 
the same growing season. Moreover, M. vimineum is not 
known to substantially enhance N release from native litter 
(Craig et al. 2015). Thus, our observations support that M. 
vimineum acquires N from the SOM rather than the litter 
layer.

A comparison of the results of the low-N plots to the 
results of the whole dataset supports that our proposed 
mechanism is important to invasive plant N acquisition in 
N-limited systems. Previous work at these sites suggested 
that the effects of M. vimineum on SOC pools and enzyme 
activities increased with decreasing ambient inorganic N 
availability (Craig et  al. 2015). Here, we found that the 
magnitude of invasion effects on soil N and the relation-
ships in our SEM tended to be greater for the subset of 
our plots that had the lowest ambient inorganic N avail-
ability. However, the direction of effects was the same for 
the low-N plots and complete dataset. This suggests that 
the mechanism outlined in this study tends to increase in 
importance with N limitation, but also suggests that this 
mechanism is general to a broad set of conditions in the 
study region. Moreover, the findings of this study suggest 
that the context dependence observed in Craig et al. (2015) 
was, in part, explained by the N dynamics observed in this 
study.

Our estimates of inorganic N availability provide fur-
ther evidence that M. vimineum, by intensifying microbial 
N demand, enhances plant opportunities to acquire N. Soil 
microbes tend to have much shorter lifespans (3–5  days) 
than roots (1–3 months; Kuzyakov and Xu 2013). Because 
of this, microbes are often stronger competitors for N over 
short time scales, but plants win in the long run because 
roots have multiple opportunities to capture the same atom 
of N as the microbial biomass turns over and re-releases N 
(Frank and Groffman 2009; Kuzyakov and Xu 2013). Thus, 
our short-term measure of soil inorganic N better reflects 
inorganic N available to microbes while our long-term 
measure (i.e., resin bags) better reflects inorganic N avail-
able to plants across the growing season. Although short-
term inorganic N was lower, potentially suppressing the 
downregulation of extracellular enzyme production, long-
term resin bag incubations collected much more inorganic 
N under M. vimineum-dominated vegetation. This suggests 
that microbial N demand in M. vimineum-invaded soils 
enhances the flux of N from organic to inorganic forms, 
which plants ultimately have more opportunities to cap-
ture. Although we speculate that M. vimineum is a strong 
competitor for inorganic N released during mineralization 

of SOM, there is evidence that other plant species acquire 
more N in M. vimineum-invaded areas. Fraterrigo et  al. 
(2011) added isotopically labeled organic and inorganic 
N to invaded and uninvaded plots and found that native 
plants acquired more N per unit biomass when associated 
with M. vimineum. If M. vimineum enhances the flux of N 
from organic to inorganic forms, as our observations sug-
gest, perhaps native plants were able to access mineralized 
N more rapidly in invaded plots.

We found that long-term N accumulated primarily 
as nitrate suggesting that nitrifiers were also competi-
tive for mineralized N. Previous research suggests that 
many invasive plants, including M. vimineum, actively 
promote both nitrification and nitrate uptake (Ehrenfeld 
et al. 2001; Hawkes et al. 2005; McLeod et al. 2016). M. 
vimineum enhances nitrifier abundance (Shannon-Firestone 
et al. 2015), perhaps by ameliorating soil acidity and ena-
bling nitrifiers to compete more effectively for ammonium 
(Kourtev et  al. 2003). In addition, M. vimineum has high 
concentrations of nitrate reductase (Kourtev et  al. 1999) 
and enhances productivity to a greater degree when treated 
with nitrate rather than ammonium (Lee et al. 2012). Thus, 
in addition to enhancing the overall supply of inorganic 
N, invasive plants may pick winners (i.e., nitrifiers) that 
convert this N to a form they are best suited to assimi-
late (Hawkes et  al. 2005). Regardless of the N form, the 
observed pattern that long-term inorganic N is enhanced 
under M. vimineum-dominated vegetation conforms to a 
recent meta-analysis showing that invasion by a wide range 
of invaders leads to an increase in the flux of N from SOM 
to the soil, and from the soil to plant tissues (Castro-Díez 
et al. 2014). Our results suggest that shifts in plant–microbe 
competition for inorganic N could underpin these patterns.

While our observations support that enhanced plant N 
demand is partly responsible for altered N and C dynam-
ics in invaded soils, we note that much variation was left 
unexplained by the SEMs. Experimental manipulations 
would enhance our understanding of how M. vimineum 
affects biogeochemical cycling in N-limited soils. We take 
the increase in plant cover without a concomitant decrease 
in plant tissue N as evidence for enhanced N uptake and 
accumulation in invaded plots, and the results of our SEM 
suggest that this leads to altered soil N and C cycling. 
However, M. vimineum might possess other traits that could 
affect soil N and C cycling. For example, it has been sug-
gested that enhanced uptake of NO+

3
 relative to NH+

4
 by M. 

vimineum could ameliorate soil acidity, leading to more 
rapid nitrification or decomposition rates (Ehrenfeld et al. 
2001; Kramer et  al. 2012). This or other unique traits of 
M. vimineum might explain why we observed a significant 
direct effect (i.e., not mediated through plant cover) of inva-
sion status on soil N and C parameters in our SEM. Experi-
mental manipulation of M. vimineum and native plant cover 
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could help partition the effects of M. vimineum per se ver-
sus changes in total cover (which might affect the physical 
properties of a soil regardless of community composition) 
on soil N and C cycling. Ultimately, multiple effects (e.g., 
enhanced N uptake, C exudates, lowered soil acidity, and 
increased plant cover) may work in concert to alter N and C 
cycling in invaded soils.

To determine the relative importance of our proposed 
mechanism, two assumptions should be validated. First, we 
assumed that the increase in plant cover in invaded plots 
reflected an increase in plant N acquisition rate and, sec-
ond, we assumed that SOM-degrading microbes were N- 
and not C-limited. Although these are reasonable assump-
tions given isotopic evidence that M. vimineum enhances 
plant N uptake and accumulation in aboveground biomass 
(Fraterrigo et  al. 2011) and root exudation of C which is 
available to soil microbes (Strickland et  al. 2010; Brad-
ford et  al. 2012), we recommend that future studies cou-
ple N manipulations with biogeochemical measurements 
to address these assumptions. In particular, 15N-labelled 
inorganic N could be added as a tracer to confirm that M. 
vimineum enhances plot-level N uptake while subplots 
could be fertilized with N and C to determine whether plant 
and microbial growth is more limited by N in invaded and 
uninvaded plots. These manipulations would allow for a 
more quantitative evaluation of N uptake and N limitation 
which could then be related to microbial activities and plot-
level N and C dynamics.

In conclusion, our findings support the hypothesis that 
the high rates of N acquisition by invasive plant species 
enhance competition with SOM-degrading microbes for 
inorganic N, leading to a suite of biogeochemical changes. 
Specifically, we found that high plant cover in invaded plots 
was associated with increased microbial activity and soil 
inorganic N, and decreased SON and SOC stocks. More-
over, we found that these effects were stronger in low-N 
soils suggesting that invasive plants can acquire N from 
the SOM in N-limited systems. Given the broadly observed 
trend that invasive plant species enhance the competi-
tion for and uptake of nutrients (Liao et al. 2008; Jo et al. 
2015; Moreau et al. 2015), we propose that the patterns of 
decreasing organic N and increasing inorganic N observed 
in this study may be a general effect of invasion and may 
partly explain alterations of ecosystem C cycling in nutri-
ent-poor soils. Future studies should continue to address 
the potentially broad relevance of coupled biogeochemical 
impacts in invaded ecosystems.
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