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Abstract
1. Grassland ecosystems invaded by exotic plant species often exhibit substantially 

higher above- ground productivity and soil nitrogen (N) than the native commu-
nities they replace. These shifts are likely associated with altered microbial car-
bon (C) and N cycling, but we know surprisingly little about how these processes 
change with plant invasion.

2. Targeting four invasive plant species common in the Rocky Mountain West, we 
collected soils from invaded and adjacent uninvaded grassland field plots, as 
well as from an experimental garden. We used a laboratory incubation of soils 
with 13C-  and 15N- labelled substrates to examine how microbial C respiration, 
C assimilation and N cycling differed among plant communities. To assess how 
these rates corresponded with plant productivity and microbial communities, 
we measured above- ground plant biomass and characterized bacterial and fun-
gal communities using Illumina sequencing.

3. In the paired observational plots, soil microbial communities associated with 
invaders generally had higher respiration rates and lower growth rates than 
those associated with the native plant communities, leading to a lower microbial 
carbon- use efficiency (CUE). Overall, soil substrate with a lower C:N was related 
to decreased CUE, and lower CUE was related to increased gross and net N min-
eralization. In turn, faster gross N mineralization was related to greater above- 
ground biomass. These patterns coincided with significant differences in fungal 
communities, whereas bacterial communities varied by site. Invasive plants also 
altered microbial communities in the experimental plots, but this was not associ-
ated with shifts in microbial CUE, which was low overall.

4. Synthesis. Our results provide evidence that invasive plants alter bacterial and 
fungal communities. These shifts were not associated with changes in microbial 
CUE and, thus, the often- assumed link between compositional and functional 
shifts was not apparent in this study. However, lower CUE was associated with 
elevated rates of N cycling and productivity, which, in low- productivity systems, 
could help explain the increased growth and success of exotic plant invaders.
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1  |  INTRODUC TION

Invasion is a significant driver and consequence of global change 
(Mack et al., 2000; Pimentel et al., 2006; Vitousek et al., 1997). The 
rates of invasion are predicted to increase rapidly in the coming de-
cades as world- wide trade continues to expand, demand for agricul-
tural products increases (Simberloff et al., 2013), regional climates 
shift and natural and anthropogenic disturbances become more prev-
alent. Plant invasions in particular are a major threat to the biodiver-
sity and stability of native terrestrial ecosystems (Ehrenfeld, 2003). 
Stable ecosystem functioning is dependent on carbon (C) and nitro-
gen (N) cycling, but we still know little about how these change with 
plant invasion and if shifts are general or specific to each species of 
invader. In this study, we combined observations of natural invasions 
with experimental plantings of exotic plants to determine if four in-
vasive plant species common in semi- arid grasslands of the Rocky 
Mountain West alter soil microbial C and N cycling in ways that feed 
back to influence invader productivity.

Exotic plant invasions have been associated with altered ecosys-
tem processes, including increased N cycling, litter decomposition 
and above- ground net primary productivity (ANPP; Liao et al., 2008; 
Stark & Norton, 2015). Soils dominated by the same plant invad-
ers examined in our study harboured an increased abundance of 
ammonia- oxidizing bacteria (McLeod et al., 2016), which promote 
the production of a form of N that is often preferred by fast- growing 
plants such as invasives. In addition, the plant invaders shifted bac-
terial communities entirely and these shifts were associated with 
altered rates of soil respiration (McLeod et al., 2021). Together, this 
suggests that shifts in the composition of soil microbial communi-
ties with plant invasion may play a role in the changes in ecosystem 
function.

Shifts in soil microbial community composition and their result-
ing function may reflect the quantity and quality of plant- derived 
soil substrates that the microbes are exposed to, which vary widely 
across plant families and life histories (Ehrenfeld, 2003; McLeod 
et al., 2021). Stoichiometric theory dictates that microbial commu-
nities must maintain particular ratios of C to N for optimal growth 
and metabolic activity (Manzoni & Porporato, 2009; Panikov, 1995; 
Schimel & Weintraub, 2003). When microbial communities are ex-
posed to relatively small amounts of substrate C relative to N, they 
can become C limited resulting in two different scenarios (Mazoni 
et al., 2012; Saetre & Stark, 2005; Sinsabaugh et al., 2013). Microbes 
may oxidize all available C to carbon dioxide (CO2) as maintenance 
respiration with little leftover for growth. Or, microbes may bal-
ance growth with respiration equally by coupling the anabolic and 
catabolic processes. Similarly, when microbial communities are 
exposed to plentiful substrate C relative to N, two scenarios can 
also occur (Manzoni et al., 2012; Saetre & Stark, 2005; Schimel & 

Weintraub, 2003). Microbes may no longer be constrained by C 
and can, thus, allocate a greater amount of C to growth relative to 
respiration. Or, microbes may become constrained by N resulting in 
greater respiration than growth through either increased mainte-
nance energy requirements or futile cycles of energy spilling path-
ways that simply burn off excess C. In any scenario, the proportion 
of C used for microbial growth relative to respiration is known as the 
carbon- use efficiency (CUE), and is a primary regulatory ‘pinch point’ 
driving N cycling and C storage in soil (Sinsabaugh et al., 2013).

A microbial community with a high CUE incorporates more C 
into biomass for growth and loses less C to respiration. As such, the 
microbial community requires more N to maintain the C:N of their 
biomass. This results in net N immobilization as organic N accumu-
lates in microbial biomass leaving little N leftover for plant uptake 
(Manzoni et al., 2012). In contrast, a microbial community with a low 
CUE incorporates less C into biomass for growth and loses more C 
to respiration. In this case, the microbial community requires less 
N to maintain the C:N of their biomass, which may result in net N 
mineralization with more N leftover for plant uptake (Manzoni 
et al., 2012). It is worth noting, however, that microbes can regu-
late the processing of N in response to N availability independent 
of CUE though the outcomes are similar. For example, when C limits 
the microbial community, they may release an increasing fraction of 
mineralized N which could also occur if C limitation resulted in a low 
CUE (Mooshammer et al., 2014). It is also worth noting that microbial 
communities can require relatively more N at a low CUE if the com-
munities are achieving rapid growth as can occur when C is abun-
dant and labile (Blagodatskaya et al., 2014; Shen & Bartha, 1996). 
Regardless, it is possible that the rapid N cycling and high N avail-
ability commonly observed with plant invasion may result from inef-
ficient C processing by the soil microbial community.

Given the differences in soil N cycling, quantity and quality of 
plant- derived inputs and ANPP shown previously between invaded 
and native plant communities (Liao et al., 2008; McLeod et al., 2021; 
Stark & Norton, 2015), we examined the potential role of soil micro-
bial CUE in modifying N cycling and plant invader productivity. To 
do so, we conducted a laboratory incubation of soils collected from 
invaded and adjacent native grassland plots and from an experimen-
tal garden containing monocultures of four common invaders and 
mixed native communities. Using two isotopic approaches, we ex-
amined how microbial C assimilation and respiration and N cycling, 
and above- ground plant biomass differed among invaded and native 
plant communities. We also determined how above- ground plant 
biomass differed among the invaded and native plant communities, 
and we determined the strength of the relationships between CUE, 
N cycling and above- ground plant biomass. Lastly, we characterized 
the bacterial and fungal communities to determine if they corre-
sponded with any of the C and N cycling metrics.
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We hypothesized that exotic plant invaders would generally be 
associated with a lower soil microbial CUE than the native plant com-
munity, and that variation in CUE across all plant species would be 
related to presumably plant- derived soil substrates, N cycling and 
above- ground plant biomass. Specifically, we hypothesized that the 
ratio of available, plant- derived soil substrate (i.e. dissolved organic 
C [DOC]:total dissolved N [TDN]) would be positively related to 
CUE, and CUE would be negatively related to gross N mineraliza-
tion (i.e. the production of available N from organic matter). In turn, 
we hypothesized that gross N mineralization would be positively re-
lated to above- ground plant biomass, and that all observed shifts in 
ecosystem processes would coincide with differences in fungal and 
bacterial communities.

2  |  MATERIAL S AND METHODS

2.1  |  Focal plant species

We focused on four invasive plant species (Bromus tectorum L. 
[Poaceae], Euphorbia esula L. [Euphorbiaceae], Centaurea stoebe L. 
[Asteraceae] and Potentilla recta L. [Rosaceae]) that represent dif-
ferent families and life- history strategies within a common habitat. 
Bromus tectorum (cheatgrass) is a widespread, highly invasive an-
nual grass distributed through the American West. Euphorbia esula 
(leafy spurge) is a deep- rooted, perennial forb, invasive through-
out grasslands of the Northern Great Plains and Rocky Mountains 
(Gucker, 2010). Centaurea stoebe (spotted knapweed) is a highly inva-
sive, perennial forb that is abundant throughout much of the Rocky 
Mountain West (Skinner et al., 2000). Finally, Potentilla recta (sulphur 
cinquefoil) is a perennial forb distributed throughout the northern 
United States with heavy infestations from the Mountain West to 
the Great Lakes region (Rice, 1999).

We compared the invasive species to a mixture of native forbs 
and grasses— representative of the diverse plant communities pop-
ulating semi- arid grasslands of the Rocky Mountain West. Common 
species include, but are not limited to: Pseudoroegneria spicata (Pursh) 
Á Löve (Poaceae), Elymus elymoides (Raf.) Swezey (Poaceae), Koeleria 
macrantha (Ledeb.) Schult. (Poaceae), Bouteloua gracilis (Willd. Ex 
Kunth) Lag. Ex Griffiths (Poaceae), Erigeron speciosus (Lindl.) DC. 
(Asteraceae), Gaillardia aristata Pursh (Asteraceae) and Achillea mille-
folium L. (Asteraceae).

2.2  |  Study sites

We conducted this study in May 2018 using soil collected from five 
naturally invaded and adjacent native grassland plots in the Missoula 
(46°51′45″N, 114°00′42″W, 972 m) and Bitterroot (46°40′48″N, 
114°1′40″W, 1,024 m) valleys of western MT, as well as experimen-
tal plots located at the MPG Ranch in Florence, MT (46°40′48.92″N, 
114°1′40.73″W). Mean annual temperature is c. 7.7°C and mean an-
nual precipitation is c. 350 mm, and the region experiences the bulk 

of its growing season rain in May and June (http://www.ncdc.noaa.
gov). Soils are classified as fine to gravelly, loamy Mollisols.

The observational plots included five replicated paired plots of 
mono- dominant patches of each invader and nearby patches of a 
mixed native plant community that were similar to each other and 
where the specific invader was absent. We used a paired plot design 
to examine differences between the invaders and native plant com-
munities within each focal invader, and to account for the potential 
for spatial variability. Individual patches ranged in size from 5 × 5 m 
to greater than 25 × 25 m. While we did not estimate the relative 
invasive cover in each plot, earlier studies using a similar design in 
this area indicate a typical coverage of >60% (Lekberg et al., 2013). 
Paired plots were matched for elevation, aspect and slope to mini-
mize differences in landscape position, microclimate and soil type. 
The maximum distance between invader and native patches was 
75 m.

The experimental plots included five replicated 2 × 2 m plots of 
each invader and a mixed native plant community, separated by 1- m 
wide buffer zones. The plots were established in the spring of 2011 
in a randomized block design and planted with monocultures of 64 
individual plants/plot for each of the four invaders or native mix-
tures (consisting of: P. spicata, E. elymoides, K. macrantha, B. gracilis, 
Penstemon strictus, Linum lewisii, E. speciosus, G. aristata and A. millefo-
lium)— a density higher than what is often found in the field to ensure 
an effect of plant community (pers. obs., May 2018). Prior to plant-
ing, the pre- existing cover of introduced forage grass [Agropyron 
cristatum (L.) Gaertn. (Poaceae)] and ruderal exotic weeds [cheat-
grass, Sisymbrium altissimum L. (Brassicaceae), Erodium cicutarium 
(L.) L’Hér. Ex Aiton (Geraniaceae) and Poa bulbosa L. (Poaceae)] were 
cleared with multiple applications of 0.473 L Roundup PowerMAX® 
herbicide (Monsanto Company; 0.84 kg glyphosate/ha). Plots have 
been maintained since establishment by hand weeding to remove 
all non- target species throughout the growing season (see McLeod 
et al., 2016 Data S1 for plant propagation and seed sources). The 
plots received supplemental water during the first year when the 
seedlings were establishing, but no water was added thereafter.

2.3  |  Above- ground plant biomass

To estimate ANPP in all plots, we harvested above- ground biomass 
by clipping at ground level two randomly located (0.25 m2) subplots 
at peak biomass in July 2018. This measure does miss a relatively 
small proportion of biomass produced by the early season ephem-
eral forbs in our system. Biomass was dried at 60°C for 3 days and 
weighed.

2.4  |  Soil collection and preparation

We collected three soil cores from the top 10 cm of mineral soil using 
a 5.5 cm diameter soil corer within a randomly located (0.25 m2) 
subplot in all plots in June 2018. The three soil cores per plot were 

http://www.ncdc.noaa.gov
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composited, hand homogenized, sieved to 2 mm and stored at 4°C 
during transport back to the laboratory. A 200 g subsample of each 
of the field moist soils was pre- incubated in a polyethylene bag at 
room temperature overnight. An additional subsample of each of the 
field most soils was stored at −20°C prior to microbial community 
composition analyses.

2.5  |  Incubation experiment

Polyethylene bags containing the field moist soil were injected with 
13C- labelled glucose (13C6H12O6; 50 atom % 13C) and 15N- labelled 
ammonium sulphate (15[NH4]2SO4; 99 atom % 15N) to yield a tar-
get concentration of c. 60 mg C/kg soil and c. 6 mg N/kg soil re-
spectively. Within 15 min of injection (time ‘T0’), soil from each bag 
was hand homogenized, and three subsamples were taken: one for a 
24- hr incubation, one for immediate extraction in 0.5 M potassium 
sulphate (K2SO4) and one for gravimetric analysis of water content. 
For the incubation, 100 g of soil was weighed into a 1- pint mason jar, 
capped with a lid equipped with a rubber septum and set aside at 
room temperature. At the end of the incubation (time ‘T24’), a 40 ml 
gas sample was removed from the headspace of the mason jar and 
stored at 4°C until analysed for total and 13C- CO2 using cavity ring- 
down spectroscopy on a Small Sample Isotope Module of a G2201- i 
Isotopic Analyzer (Picarro). Additionally, a set of six subsamples were 
taken from the incubated soil: one for immediate extraction in 0.5 M 
K2SO4; one for microbial biomass determination; one for organic 
matter content; one for total C and N; one for pH; and one for soil 
cations.

For the extractions, 35 g of moist soil was weighed into a 240- 
ml specimen cup containing 175 ml of 0.5 M K2SO4, shaken for 
1 hr, stored at 4°C for 1 hr to settle and filtered through pre- rinsed 
Whatman No. 1 filter paper. The filtrates were stored frozen at −20°C 
until further analysis. Following extraction, the soil remaining in the 
specimen cup was weighed, dried at 60°C for 4 days and reweighed 
to determine the amount of K2SO4 that remained. The oven- dry re-
sidual soil was then ground by hand with a mortar and pestle, and 
stored dry until it was analysed for 13C and 15N abundances.

Microbial biomass was measured as chloroform- labile C and N 
following a modified methodology of Vance et al. (1987). Briefly, 
35 g of soil was weighed into a large glass vial, 10 ml of chloroform 
was pipetted on the soil surface, and the sample was incubated in a 
glass desiccator for 24 hr. After 24 hr, the chloroform was vented off 
in a fume hood for an additional 24 hr, and the soil was extracted in 
175 ml of 0.5 M K2SO4 as described above. The filtrates were stored 
frozen at −20°C until further analysis.

2.6  |  Soil and filtrate analyses

Organic matter was determined by dry combustion at 360°C for 
2 hr (Nelson & Sommers, 1996), soil pH was measured in a 1:1 
soil:deionized water solution, and soil cations were measured on an 

Elementar VarioMax Cube. Dried and ground residual soil from the 
K2SO4 extractions were weighed (c. 0.40 mg) into tin capsules and 
analysed for 13C and 15N using continuous- flow direct combustion 
and mass spectrometry on a Europa Scientific SL 20- 20 (PDZ Europa) 
at the Utah State University Stable Isotope Laboratory (Logan, UT). 
The concentrations of 13C and 15N in soil residues at the end of the 
incubation were used to calculate the rates of glucose and NH+

4
 as-

similation into microbial biomass (mg C kg soil−1 day−1 and mg N kg 
soil−1 day−1 respectively; Stark, 2000). This technique assumes that 
negligible quantities of glucose and NH+

4
 are abiotically sorbed onto 

soil particles. Herron et al. (2009) showed this assumption is valid for 
similar textured soils from a Utah sagebrush steppe.

The 0.5 M K2SO4 extracts of non- chloroform fumigated samples 
were analysed colorimetrically for NH+

4
 and nitrate (NO−

3
) concentra-

tions using a Lachat Autoanalyzer (QuickChem Systems). The 15N 
abundance was measured for NH+

4
 and NO−

3
 by concentrating N on 

acidified filter paper using a diffusion method (Stark & Hart, 1996) 
and analysing the filter by continuous- flow direct combustion and 
mass spectrometry. Measurements of NH+

4
 and NO−

3
 concentrations 

and 15N abundance in T0 and T24 samples were used to calculate 
gross and net N transformation rates (Hart et al., 1994).

All filtrates were analysed for DOC and TDN using a Shimadzu 
TOC- L TN Analyzer (Shimadzu Corporation). Microbial biomass C 
and N were estimated from chloroform- labile C and N by subtract-
ing concentrations in the non- chloroform fumigated filtrates from 
those in the chloroform fumigated filtrates and applying commonly 
used extraction efficiency coefficients (0.45 for C and 0.54 for N; 
Vance et al., 1987).

2.7  |  Gross and net N transformation rates

Following the isotope dilution technique (Hart et al., 1994) and the 
equations of Kirkham and Bartholomew (1954), gross N mineraliza-
tion (m; mg N kg soil−1 day−1) was calculated as

where A0 and At are NH+

4
- N concentrations (mg N/kg soil) at T0 and 

T24 respectively; A∗ is 15N atom % excess of NH+

4
; and t is time (d). Net 

rates of N mineralization were determined from changes in NH+

4
 plus 

NO−

3
 concentrations during the 24- hr incubation (Hart et al., 1994). 

Gross N immobilization rates were calculated as gross mineralization 
minus net mineralization.

Gross NH+

4
 assimilation was calculated based on the retention of 

non- extractable 15N in the soil residues. For this, we used a tracer 
equation appropriate for when the source pool enrichment (i.e. 
15NH+

4
) varies over time due to dilution (Hart et al., 1994; Stark, 2006). 

Briefly, to calculate gross NH+

4
 assimilation, the mass of excess 15N 

recovered in the soil residue is divided by the time- weighted average 
fractional 15N enrichment (15N atom % excess/100) in the NH+

4
 pool 

m =

[

A0 −At

t

]

log
(

A∗

0

A∗

t

)

log
(

A0

At

) ,
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during the incubation. The weighted average enrichment of the NH+

4
 

pool was calculated as

where

using the nomenclature described above.

2.8  |  Carbon- use efficiency calculations

Microbial CUE was calculated using two methods:

For YC, 13
x
Cassimilation is the quantity of 13C- glucose assim-

ilated into microbial biomass during the 24- hr incubation and 
13
x
Crespiration is the quantity of 13C- glucose respired as CO2 during 

the 24- hr incubation. For YN, C:N biomass is the chloroform- labile 
C:N estimate of microbial biomass C:N, NH+

4
assimilation is the 

quantity of NH+

4
 assimilated into microbial biomass based on the ap-

pearance of 15N in the residual soil during the 24- hr incubation and 
total respiration is the quantity of CO2 respired during the 24- hr in-
cubation. The first method calculates CUE based on the respiration 
and assimilation of 13C, whereas the second method (Schimel, 1988) 
calculates CUE based on total respiration and estimates C assimila-
tion from the uptake of 15NH+

4
 and an estimated microbial biomass 

C:N. The second method assumes no organic N is being assimilated 
into microbial biomass.

2.9  |  Microbial community composition

To determine if soils harboured compositionally distinct microbial 
communities, we extracted and sequenced bacterial and fungal 
DNA. We extracted genomic DNA from 150 mg of freeze- dried 
soil per sample with a PowerSoil™ DNA isolation kit (MoBio 
Laboratories, Inc.), according to the manufacturer's instructions. 
DNA amplification procedures are outlined in detail in McTee 
et al. (2017) for bacteria, and in Bullington et al. (2018) for fungi. 
Briefly, samples were prepared for Illumina sequencing using a 
two- step PCR protocol. We amplified the V4 region of the 16S 
SSU rRNA using the forward primer 515F- Y and reverse primer 
806R (Appril et al., 2015; Parada et al., 2016). For fungi, we am-
plified the internal transcribed spacer 2 (ITS2) region using a 1:1 

combination of the forward primers ITS7 (Ihrmark et al., 2012) and 
ITS7o (Kohout et al., 2014) and the reverse primer ITS4 (White 
et al., 1990). For both fungi and bacteria, we then attached unique 
barcodes and Illumina flowcell adapters using 15 cycles and 10× 
diluted PCR 1 products. PCR2 amplicons were quantified by 
Qubit® 2.0 fluorometer (Invitrogen) and pooled in equimolar con-
centration prior to sequencing. Amplicon libraries were sequenced 
using 300 × 300 paired- end reads on an Illumina MiSeq sequenc-
ing platform (Illumina Inc.) at the Institute for Bioinformatics and 
Evolutionary Studies (iBEST) genomics resources core at the 
University of Idaho (http://www.ibest.uidaho.edu/; Moscow, ID, 
USA).

Sequence reads were demultiplexed using the q2- demux 
plugin (https://github.com/qiime 2/q2- demux) on the platform 
‘Quantitative insights into microbial ecology 2’ (QIIME2 version 
2018.8; https://qiime2.org/; Bolyen et al., 2018). For fungi, we ex-
tracted the ITS2 region from all sequences before pairing, using 
the ITSxpress plugin in QIIME2 (Rivers et al., 2018). Bacterial 
and fungal sequences were then quality filtered, de- replicated 
and paired with the q2- dada2 plugin (Callahan et al., 2016), using 
default quality filtering thresholds and simultaneously remov-
ing chimeras. During this step, forward and reverse reads were 
quality- trimmed at 240 and 200 base pairs for bacteria, and 220 
and 210 base pairs for fungi, in an effort to obtain the most paired 
reads. Resulting bacterial and fungal paired sequence variants 
were clustered into operational taxonomic units (OTUs) repre-
senting clusters of 97% identical sequences using the VSEARCH 
plugin (Rognes et al., 2016). Bacterial OTUs assigned taxonomy 
using the greengenes 16S rRNA gene database (version 13_8; 
http://green genes.lbl.gov) and the QIIME2 q2- feature- classifier- 
plugin (https://github.com/qiime 2/q2- featu re- class ifier; Bokulich 
et al., 2017) with a per cent identity threshold of 97. Fungal taxon-
omy was assigned using the UNITE fungal database (version 7.2; 
Nilsson et al., 2019) and the QIIME2 feature- classifier- plugin. We 
rarefied sequencing depth to 1,500 sequences for bacteria and 
2,450 sequences for fungi, which were sufficient to adequately 
characterize the taxa present in each sample (Figure S1).

2.10  |  Statistical analyses

Before statistical analyses, data were tested for normality using 
the Shapiro– Wilk test and homoscedasticity using the Levene's 
test, and data that did not satisfy the assumptions were log- 
transformed. Welch two- sample t- tests were used to determine 
differences in soil characteristics, C and N cycling, CUE and 
above- ground plant biomass between the two plot types. For the 
experimental plots, ANOVAs with Fisher's least significant differ-
ence post hoc comparisons were used to determine differences 
in C and N cycling, CUE and above- ground plant biomass among 
the invaders and native plant community. Plant community was a 
fixed factor and block was a random factor. For the paired obser-
vational plots, ANOVAs were also used to determine differences 

A
∗

mean
=

A∗

0
(1 − e−k )

k
,

k =

ln
(

A∗

0

A∗

t

)

t
,

YC =

13
x
Cassimilation

13
x
Cassimilation + 13

x
Crespiration

,

YN =

C:Nbiomass × NH+

4
assimilation

(

C:Nbiomass × NH+

4
assimilation

)

+ total respiration
.
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in the same variables but between the invader and native plant 
community patches for each invader (p < 0.10). Patch was a fixed 
factor and site was a random factor. To determine relationships be-
tween variables, simple linear regressions were used and Pearson 
correlation coefficients were calculated. All statistical analyses 
were performed using the open- source R software v.2.15.3 (R 
Development Core Team, 2015). We set our alpha, a priori, at 0.10 
for all statistical analyses because we were concerned of the pos-
sibility of Type II errors given our small sample size (n = 5) and 
anticipation of spatial variability.

Compositional analyses of microbial communities were per-
formed on Bray– Curtis distances of Hellinger transformed, rar-
efied sequence abundances using the Vegan package in r (Oksanen 
et al., 2019) unless otherwise noted. Beta- dispersal of microbial 
composition among plant communities was first tested using the 
beta- disper function, which is essentially a multivariate analogue 
of Levene's test. Differences in beta- dispersal among communities 
can cause false positives when looking at compositional differ-
ences; however, there were no significant differences in beta- 
dispersal of either bacterial or fungal communities. PERMANOVAs 
using the Adonis2 and envfit functions were performed on micro-
bial community composition using soil characteristics, plant com-
munity and CUE variables as potential predictors, and site and 
block controlled for as strata. Differentially abundant fungal and 
bacterial taxa (e.g. genus, class and phylum) among plant commu-
nities, and between observational and experimental plots, were 
identified using analysis of composition of microbiome (ANCOM 
2.0) in R (Mandal et al., 2015). To assess whether fungal genera 
that varied among plant communities were either potentially sap-
rotrophic or pathogenic, we used the fungal functional database 
FUNGuild (Nguyen et al., 2016) and confidence levels of ‘probable’ 
or ‘highly probable’. Spearman's rho rank correlation was also cal-
culated between bacterial and fungal phyla and classes using the 
Hmisc package in r (Harrell, 2016).

3  |  RESULTS

3.1  |  Soil pools

In the observational plots, leafy spurge had higher DOC (p = 0.02), 
TDN (p = 0.06), inorganic N (p = 0.04) and total C:N (p = 0.08) 
than its paired native communities, but lower microbial biomass C 
(p = 0.06) and C:N (p = 0.06). Spotted knapweed also had higher 
TDN (p = 0.03), and cheatgrass also had lower microbial biomass C 
(p = 0.09) than their respective paired native communities. In the ex-
perimental plots, microbial biomass C:N (p = 0.02), total C (p = 0.06) 
and N (p = 0.07), and pH (p = 0.02) varied by plant community with 
no consistent pattern (Table 1). Between the observational and ex-
perimental plots, OM (p < 0.01); DOC:TDN (p < 0.001); inorganic N 
(p < 0.01); microbial biomass C (p < 0.001), N (p < 0.001) and C:N 
(p = 0.02); total C (p = 0.02), N (p = 0.08) and C:N (p < 0.01); and pH 
(p = 0.01) were higher in the field.

3.2  |  CUE

In the observational plots, 13C- glucose respiration was higher in 
leafy spurge (p = 0.05) and spotted knapweed (p = 0.01) than their 
paired native communities (Figure 1A), 13C- glucose assimilation was 
lower in cheatgrass (p = 0.06) and leafy spurge (p = 0.05) than their 
paired native communities (Figure 1C), and CUE (YC) was lower in 
leafy spurge (p = 0.07) and spotted knapweed (p = 0.07) than their 
paired native communities (Figure 1E). In the experimental plots, 13C- 
glucose respiration (p = 0.10), 13C- glucose assimilation (p = 0.32), and 
CUE (YC; p = 0.98) did not vary by plant community (Figure 1B,D,F re-
spectively). Between the observational and experimental plots, 13C- 
glucose respiration was lower in the field (p < 0.001), 13C- glucose 
assimilation did not differ (p = 0.90) and CUE (YC) was higher in the 
field (p < 0.01).

In the observational plots, total respiration was higher in leafy 
spurge (p = 0.08) and sulphur cinquefoil (p = 0.09) than their paired 
native communities (Figure S2a), 15NH+

4
 assimilation was lower 

in sulphur cinquefoil than its paired native community (p = 0.07; 
Figure S2c), and CUE (YN) was lower in leafy spurge (p = 0.05) and 
sulphur cinquefoil (p = 0.08) than their paired native communities 
(Figure S2e). In the experimental plots, total respiration varied by 
plant community (Figure S2b), and was highest in spotted knapweed 
and sulphur cinquefoil, lowest in leafy spurge, with the natives fall-
ing in between. By contrast, 15NH+

4
 assimilation (p = 0.71) and CUE 

(YN; p = 0.23) did not vary by plant community (Figure S2d,f respec-
tively). Between the observational and experimental plots, total 
respiration (p = 0.98), 15NH+

4
 assimilation (p = 0.22) and CUE (YN; 

p = 0.23) did not differ.

3.3  |  N cycling

In the observational plots, gross N mineralization and gross N immo-
bilization did not differ between any of the paired invaded and na-
tive communities (Figure 2A,C), but net N mineralization was higher 
in cheatgrass (p = 0.02), leafy spurge (p < 0.01) and spotted knap-
weed (p = 0.08) than their paired native communities (Figure 2E). 
In the experimental plots, gross N mineralization (p = 0.07) and net 
N mineralization (p = 0.02) varied by plant community (Figure 2B,F 
respectively), and was highest in cheatgrass, spotted knapweed 
and sulphur cinquefoil, and lowest in leafy spurge and the native 
plant community. Gross N immobilization did not vary by plant 
community (p = 0.20; Figure 2D). Between the observational and 
experimental plots, gross N mineralization (p = 0.31), gross N im-
mobilization (p = 0.16) and net N mineralization (p = 0.60) did not 
differ.

3.4  |  Above- ground biomass

In the observational plots, leafy spurge (p < 0.01), spotted knapweed 
(p = 0.06) and sulphur cinquefoil (p = 0.09) had higher above- ground 
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TA B L E  1  Summary of soil characteristics in the observational and experimental plots. Values of gravimetric water content (GWC), 
organic matter (OM), dissolved organic carbon (DOC), total dissolved nitrogen (TDN), DOC:TDN, inorganic N, microbial biomass C (MBC), 
MBN, MBC:N, total C, total N, total C:N and pH represent means with standard error in parentheses. Significant results between the field 
and experimental plots, between each of the paired field plots, and among the experimental plots are shown in boldface type (p < 0.10). 
Different letters indicate differences among plant communities in the experimental plots (p < 0.10)

GWC (%) OM (%) DOC (mg/kg) TDN (mg/kg) DOC:TDN Inorganic N (mg/kg)

Observational plots 29.37 (1.29) 7.05 (0.53) 193.47 (13.26) 28.31 (2.40) 7.15 (0.25) 12.34 (0.97)

Experimental plots 23.65 (0.47) 5.12 (0.20) 183.94 (19.30) 31.35 (2.08) 5.93 (0.15) 8.79 (0.43)

Observational plots

Cheatgrass

Invaded 25.61 (3.70) 5.84 (0.92) 141.21 (19.55) 21.56 (3.64) 6.68 (0.29) 8.69 (0.69)

Native 27.89 (4.23) 7.54 (1.38) 124.64 (19.30) 18.68 (3.86) 6.96 (0.61) 8.05 (0.80)

Leafy spurge

Invaded 34.39 (3.07) 6.98 (1.23) 226.05 (26.62) 37.90 (7.77) 6.39 (0.62) 18.68 (3.85)

Native 27.90 (4.23) 7.54 (1.38) 124.64 (19.30) 18.86 (3.86) 6.96 (0.61) 8.05 (0.80)

Spotted knapweed

Invaded 32.41 (2.98) 7.96 (2.16) 238.46 (48.22) 38.58 (6.91) 6.58 (0.24) 14.71 (1.67)

Native 29.65 (3.20) 7.80 (1.22) 195.70 (22.32) 22.98 (3.69) 8.33 (0.83) 11.77 (1.50)

Sulphur cinquefoil

Invaded 26.86 (1.78) 6.64 (1.08) 233.76 (18.58) 29.67 (3.13) 8.01 (0.51) 11.55 (0.81)

Native 28.87 (2.37) 6.18 (0.94) 176.46 (30.86) 22.90 (4.06) 7.87 (0.54) 10.56 (1.30)

Experimental plots

Cheatgrass 24.31 (0.76) ab 5.56 (0.53) 167.06 (16.65) 28.83 (3.24) 5.95 (0.62) 9.08 (1.54)

Leafy spurge 25.92 (0.55) a 4.68 (0.40) 150.65 (7.64) 26.19 (1.32) 5.77 (0.19) 8.84 (0.64)

Spotted 
knapweed

24.39 (1.38) ab 5.20 (0.56) 222.72 (27.33) 36.22 (4.03) 6.15 (0.35) 8.19 (0.47)

Sulphur cinquefoil 22.57 (0.53) bc 5.52 (0.39) 223.90 (23.06) 39.81 (5.42) 5.71 (0.21) 10.45 (0.86)

Native 21.04 (0.36) c 4.64 (0.30) 155.38 (33.93) 25.67 (5.60) 6.07 (0.17) 7.48 (0.84)

MBC (mg/kg) MBN (mg/kg) MBC:N Total C (g/kg) Total N (g/kg) Total C:N pH

759.04 (70.18) 173.31 (15.75) 4.40 (0.08) 29.34 (2.61) 2.56 (0.24) 11.54 (0.15) 6.98 (0.05)

343.39 (35.43) 79.85 (7.91) 3.96 (0.16) 22.13 (0.86) 2.02 (0.08) 11.01 (0.06) 7.13 (0.03)

477.99 (80.08) 105.06 (19.34) 4.62 (0.19) 18.62 (3.83) 1.67 (0.22) 11.05 (0.17) 6.48 (0.10)

869.41 (172.50) 188.90 (40.29) 4.66 (0.12) 27.39 (5.90) 2.39 (5.90) 11.35 (0.15) 6.46 (0.12)

565.50 (96.59) 137.24 (21.13) 4.08 (0.21) 28.02 (2.47) 2.42 (0.21) 11.56 (0.09) 6.44 (0.17)

869.41 (172.50) 140.28 (25.75) 4.78 (0.10) 27.39 (5.90) 2.39 (5.90) 11.35 (0.15) 6.46 (0.12)

1143.59 (277.14) 253.43 (60.64) 4.52 (0.12) 43.54 (11.61) 3.89 (1.11) 11.49 (0.34) 6.82 (0.20)

869.10 (138.03) 191.08 (26.94) 4.52 (0.17) 35.08 (4.73) 2.96 (0.44) 12.02 (0.55) 6.84 (0.25)

903.79 (107.19) 226.90 (28.21) 3.99 (0.04) 28.82 (4.24) 2.51 (0.39) 11.56 (0.51) 6.82 (0.10)

653.30 (66.49) 153.98 (17.50) 4.27 (0.15) 25.76 (3.54) 2.13 (3.54) 12.19 (0.57) 6.82 (0.25)

413.77 (53.17) 87.85 (12.03) 4.76 (0.25) a 26.67 (2.59) a 2.45 (0.24) a 10.89 (0.10) 6.94 (0.11) 
b

292.70 (63.67) 73.12 (47.56) 3.82 (0.40) ab 20.14 (1.34) b 1.82 (0.14) b 11.12 (0.12) 7.12 (0.08) 
a

247.31 (56.42) 76.54 (18.80) 3.34 (0.28) b 22.40 (1.99) ab 2.04 (0.19) ab 11.00 (0.10) 7.20 (0.00) 
a

422.67 (88.81) 89.46 (24.60) 3.75 (0.24) ab 21.81 (0.96) ab 1.99 (0.11) ab 11.02 (0.18) 7.20 (0.00) 
a

359.60 (132.98) 72.26 (24.59) 4.14 (0.26) ab 19.62 (0.95) b 1.79 (0.10) b 11.00 (0.22) 7.20 (0.00) 
a
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biomass than their paired native communities (Figure 3A). In the ex-
perimental plots, above- ground biomass varied by plant community 
(p < 0.01), and was highest in leafy spurge, spotted knapweed and 
cheatgrass, and lowest in the native (Figure 3B). Between the obser-
vational and experimental plots, above- ground biomass was highest 
in the experiment (p < 0.001).

3.5  |  Relationships between soil pools, CUE, N 
cycling and above- ground biomass

In the observational plots, soil DOC:TDN was positively correlated 
with CUE (YC; p = 0.02, r = 0.40; Figure 4A), CUE (YC) was negatively 
correlated with gross N mineralization (p = 0.03, r = −0.35; Figure 4B) 
and net N mineralization (p = 0.09, r = −0.25; Figure 4C), and gross N 
mineralization was positively correlated with above- ground biomass 

(p < 0.01, r = 0.45; Figure 4D). None of these relationships held in 
the experimental plots.

3.6  |  Microbial community composition

Bacterial community composition did not differ between the 
paired invaded and native plant communities (Figure S3a) in the 
observational plots, but was correlated with soil pH (p < 0.01, 
R2 = 0.24), Ca (p < 0.01, R2 = 0.22), NO−

3
 (p = 0.01, R2 = 0.22), 

total respiration (p < 0.01, R2 = 0.24) and gross N mineralization 
(p < 0.01, R2 = 0.24). In the experimental plots, bacterial commu-
nity composition varied by plant community (Figure S3b; p < 0.01, 
R2 = 0.46), and was correlated with soil pH (p < 0.01, R2 = 0.24), 
NH+

4
 (p < 0.01, R2 = 0.26), NO−

3
 (p = 0.03, R2 = 0.22), Fe (p < 0.01, 

R2 = 0.26) and MBC:N (p = 0.03, R2 = 0.22). Bacterial community 

F I G U R E  1  Soil microbial 13C- glucose 
respiration, 13C- glucose assimilation and 
carbon- use efficiency (CUE; YC) associated 
with the invasive plant species cheatgrass, 
leafy spurge, spotted knapweed and 
sulphur cinquefoil, and the native 
plant community in the (A, C, E) paired 
observational and (B, D, F) experimental 
plots during the 24- hr laboratory 
incubation. Boxplot lines represent 
medians, boxes represent quartile values 
and points represent individual data 
points. Different symbols in (A, C, E) 
indicate differences between paired 
invaded and native patches (•p < 0.10; 
*p < 0.05; **p < 0.01; ***p < 0.001)
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composition differed between the field and experimental plots 
(p < 0.01, R2 = 0.36).

No individual bacterial taxa differed between the paired invaded 
and native communities in the observational plots, and only two 
bacterial taxa varied by plant community in the experimental plots 
(Table S1; p < 0.05). Acidobacteria (a group of potentially oligotro-
phic bacteria belonging to the Class iii1- 8) were higher in abundance 
in cheatgrass (5.5%/sample) and lowest in the native (1.3%/sample), 
and were not found in leafy spurge. The bacterial phylum FBP was 
highest in abundance in sulphur cinquefoil and spotted knapweed 
(3.9% and 2.9% sequences/sample respectively) but was approx-
imately half as abundant in all other plant communities. Between 
the observational and experimental plots, two bacterial phyla were 
higher in abundance in the experiment (p < 0.05): Firmicutes (23.7%/
samples vs. 6%/sample) and FBP (2.1%/sample vs. 0.5%/sample; 
Table S2).

In the observational plots, fungal community composition dif-
fered between the paired invaded and native communities (p < 0.01, 
R2 = 0.40; Figure S3c), and was correlated with soil pH (p < 0.01, 
R2 = 0.24), Na (p < 0.01, R2 = 0.22), NO−

3
 (p < 0.01, R2 = 0.22), 

MBC:N (p = 0.03, R2 = 0.20) and gross N immobilization (p < 0.01, 
R2 = 0.22). In the experimental plots, fungal community composition 
varied by plant community (Figure S3d; p < 0.01, R2 = 0.46), and was 
correlated with soil pH (p < 0.01, R2 = 0.30), Na (p < 0.01, R2 = 0.26), 
CEC (p = 0.04, R2 = 0.22), NO−

3
 (p = 0.02, R2 = 0.26), MBC:N (p = 0.02, 

R2 = 0.24), 13C- glucose respiration (p = 0.04, R2 = 0.22) and total 
respiration (p < 0.01, R2 = 0.22). Fungal community composition dif-
fered between the observational and experimental plots (p < 0.01, 
R2 = 0.50).

Two classes of fungi differed in abundance between the paired 
invaded and native communities in the observational plots (Table S3). 
Exobasidiomycetes— a class that harbours many smut fungi— was 

F I G U R E  2  Soil microbial gross nitrogen 
(N) mineralization, gross N immobilization 
and net N mineralization associated with 
the invasive plant species cheatgrass, 
leafy spurge, spotted knapweed and 
sulphur cinquefoil, and the native 
plant community in the (A, C, E) paired 
observational and (B, D, F) experimental 
plots during the 24- hr laboratory 
incubation. Boxplot lines represent 
medians, boxes represent quartile values 
and points represent individual data 
points. Different symbols in (A, C, E) 
indicate differences between paired 
invaded and native patches (•p < 0.10; 
*p < 0.05; **p < 0.01; ***p < 0.001), 
and different letters in (B, D, F) indicate 
differences among plant communities 
(p < 0.10)
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higher in abundance in cheatgrass than in all other plant commu-
nities (6/4%/sample vs. 1.6%/sample), and Lecanoromycetes— the 
largest class of lichenized fungi— was higher in abundance in the na-
tive plant communities than in all invaded communities (4.9%/sam-
ple vs. 1.1%/sample). While Lecanoromycetes was not found in the 
experimental plots, nine other fungal genera varied inconsistently by 
plant community and represented both pathogens and saprotrophs 
(Figure S4).

4  |  DISCUSSION

The productivity of ecosystems should theoretically oper-
ate near the maximum that local abiotic and biotic constraints 
allow (Running, 2012), yet exotic plant invasions often exhibit 
higher productivity and soil N than adjacent native communities 
(Ehrenfeld, 2003; Hawkes et al., 2005; Liao et al., 2008; McLeod 
et al., 2016; Rout & Callaway, 2009; Vitousek, 1990). As most 

F I G U R E  3  Peak above- ground biomass of the invasive plant species cheatgrass, leafy spurge, spotted knapweed and sulphur cinquefoil, 
and the native plant community in the (A) paired observational and (B) experimental plots. Boxplot lines represent medians, boxes represent 
quartile values and points represent individual data points. Symbols in (A) indicate differences between paired invaded and native patches 
(•p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001), and different letters in (B) indicate differences among plant communities (p < 0.10)

F I G U R E  4  Relationship between 
(A) dissolved organic carbon (DOC): 
total dissolved nitrogen (TDN) and soil 
microbial carbon- use efficiency (CUE; YC
; p = 0.02, r = 0.40), (B) CUE (YC) and gross 
N mineralization (p = 0.03, r = −0.35), 
(C) CUE (YC) and net N mineralization 
(p = 0.09, r = −0.25) and (D) gross N 
mineralization and above- ground biomass 
(p < 0.01, r = 0.45), associated with 
the invasive plant species cheatgrass, 
leafy spurge, spotted knapweed and 
sulphur cinquefoil, and the native plant 
community in the paired observational 
plots. The shaded areas are the 95% 
confidence intervals
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invasive plants in the Rocky Mountain West are non- dinitrogen fix-
ers (Weber, 2017), the source of the N that fuels increased produc-
tivity remains a mystery. Meta- analyses have shown that invasive 
plants can increase the activity of enzymes involved with N and P 
transformations (Zhou & Staver, 2019), and promote decomposers 
and turnover of litter (Zhang et al., 2019). Our study demonstrates 
that a lower microbial CUE may be an additional mechanism to in-
crease N cycling rates in ways that feedback to promote invasive 
success.

4.1  |  Lower microbial CUE correlated with 
increased N cycling rates and productivity

In line with our hypothesis, the microbial communities associated 
with the plant invaders in the observational plots trended towards 
or had a lower CUE than those associated with native plant com-
munities despite their proximity and exposure to supposedly similar 
edaphic conditions (Figure 1C). This was driven by higher rates of mi-
crobial respiration and lower rates of assimilation of substrate in the 
invaded communities (Figure 1A,B; Figure S2A,B). These patterns 
are indicative of greater microbial C limitation in the invaded commu-
nities as they expend energy via maintenance respiration, which has 
been shown previously in semi- arid systems (Manzoni et al., 2012). 
Whether this was due to a lower amount of plant- derived organic 
C, or exposure to a more N- rich substrate (i.e. low C:N) is uncer-
tain. However, DOC:TDN (i.e. presumably plant- derived soil sub-
strate C:N) trended higher in the native communities (Table 1), and 
there was a positive relationship between DOC:TDN and CUE (YC ; 
Figure 4A), suggesting that substrate quality may be one impor-
tant mechanism by which CUE is altered. Though a previous study 
demonstrated that CUE decreased with substrate C:N (Devêvre & 
Horwáth, 2000), it can increase if soil N is not limiting (Manzoni 
et al., 2012). Inorganic N was indeed high in the observational plots, 
and slightly more so in the invasive relative to the natives patches 
(Table 1). Regardless of the underlying mechanisms, the consist-
ent patterns we observed in CUE across the invaded communities 
mirrors earlier findings where this same, diverse group of invaders 
altered the abundance of ammonia- oxidizing bacteria relative to na-
tive communities (McLeod et al., 2016). This highlights that some of 
these invaders are associated with predictable and directional shifts 
in C cycling despite substantial differences in life- history strategies, 
phenology and other traits.

Differences in CUE are also likely to be linked to differences 
in N cycling. A microbial community with a high CUE inherently 
requires more N to maintain the C:N of their biomass (Sinsabaugh 
et al., 2013). This can delay the mineralization of organic N as it is uti-
lized for microbial biomass, or promote immobilization of inorganic 
N (Saetre & Stark, 2005). The assimilation of N in microbial biomass 
can, ultimately, lower the availability of N for plant uptake (Manzoni 
et al., 2012). This is consistent with what we found. Though the mi-
crobial communities associated with plant invaders and natives had 
similar rates of gross N mineralization (Figure 2A), the microbial 

communities associated with native plants had lower net N mineral-
ization rates (Figure 2C). Thus, they immobilized a greater proportion 
of the overall flux of N. In addition, the microbial communities with 
a high CUE in general were mineralizing less N in total (Figure 4B), 
leaving less available for plant uptake (Figure 4C). Importantly, as 
gross N mineralization increased in our study, so did above- ground 
plant biomass (Figure 4D), which could help to explain the greater 
productivity associated with some of the invaders (Figure 3A). It is 
important to note that even though we found that microbial commu-
nities with a higher CUE had lower rates of gross and net N mineral-
ization, we found no other evidence that these communities indeed 
had a higher N demand via microbial biomass N or C:N (Table 1). It 
is possible that the microbial communities with a higher CUE may 
simply be assimilating C into storage compounds as opposed to 
growth (Manzoni et al., 2012). Therefore, future studies should not 
only examine whether other successful invaders that exhibit greater 
productivity and inorganic N availability are also associated with a 
lower microbial CUE, but also determine whether microbial commu-
nities with a high CUE have a greater N demand or release high C:N 
substrates (Morris et al., 2016; Saetre & Stark, 2005).

4.2  |  Differences in the observational plots 
were not observed in the experimental plots –  Why?

While the results from the observational plots suggest that sub-
strate quality may influence soil microbial CUE, which may drive soil 
N cycling and above- ground biomass, these relationships should be 
even more evident in the experimental plots where extraneous fac-
tors were controlled for. Yet, we found no variation among the plant 
communities in 13C- glucose respiration (Figure 1B), 13C- glucose as-
similation (Figure 1D), 15NH+

4
 assimilation (Figure 2B) and thus CUE 

(YC, YN; Figure 1C; Figure S2c respectively), despite higher above- 
ground biomass in most of the invaders (Figure 3B). This suggests 
that the link between CUE, soil N cycling and productivity is not 
always apparent.

The experimental plots differed in many ways from the observa-
tional plots, including higher above- ground plant biomass but lower 
microbial biomass and DOC:TDN (Table 1). In such an environment, 
the higher above- ground biomass may result primarily from differ-
ences in ecophysiological traits or plasticity between invasive and 
native plants (Allison & Vitousek, 2004; Baruch & Goldstein, 1999; 
Durand & Goldstein, 2001) rather than from microbially mediated 
effects and differences in N availability. In addition, these plots are 
relatively young and were established in an area that had previously 
been disturbed, which probably also explains why the experimental 
and observational plots harboured different microbial communities, 
and why the experimental plots were dominated by bacterial phyla 
often considered to be copiotrophs (De Vries & Shade, 2013). For 
example, bacteria in the phylum Firmicutes, which has been sug-
gested as being predominantly copiotrophic (Cleveland et al., 2007; 
Francioli et al., 2016; Nemergut et al., 2010), was approximately 
four times more abundant in the experimental plots (Table S2). 
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Given that disturbance in the experimental plots may have released 
organic matter and created a more copiotrophic environment, per-
haps it is not surprising that the CUE of the microbial communities 
associated with the native plants was more similar to those associ-
ated with the invaders, which in turn may imply that the invaders 
were not reliant upon the microbial community to mineralize N and 
fuel their productivity. Conversely, in the observational plots, suffi-
cient time may have passed to allow feedbacks between plants, soil 
properties and the soil microbial community to develop (Kulmatiski 
et al., 2008).

Because we did not observe the same CUE patterns in the ob-
servational and experimental plots, it is unclear whether the invasive 
plants drove the shifts we observed in the field. It is certainly possi-
ble that CUE is affected by disturbance, and while the particular in-
vasions we sampled from in the observational plots are not recent, it 
is well- established that disturbance often precedes invasions (Hobbs 
& Huenneke, 1992). Future studies geared towards disentangling the 
effect of disturbance from invasion may be necessary to fully eluci-
date underlying mechanisms.

4.3  |  Invasions change fungal and bacterial 
communities, and changes are invader specific

Both bacterial and fungal communities varied among plant com-
munities in the experimental plots, supporting previous work 
showing that invasive plants change microbial communities in 
predictable ways (e.g. Gibbons et al., 2017; Lekberg et al., 2013; 
Malacrinò et al., 2020). Whether microbial communities respond 
directly to differences in plant traits, phenology and life history 
here, or indirectly to invader- mediated shifts in soil edaphic condi-
tions is unknown.

Fungal communities also differed between the invasive and 
native plant communities in the observational plots, whereas bac-
terial communities did not, suggesting that fungi may be more re-
sponsive to invasion than bacteria. One class of mostly lichenized 
fungi (Lecanoromycetes) had approximately four times higher rel-
ative abundance in the native plots than the invaded, and were 
completely absent in the experimental plots. Whether these fungi 
contributed significantly to the CUE measured in this experiment 
is unknown, but they are known to produce a wide variety of sec-
ondary substances and extracellular enzymes (Miadlikowska et al., 
2014), which may allow them to utilize more complex organic sub-
strates. This could partially explain why microbial communities 
associated with the native plants trended or had greater CUE as 
estimated with 15N (YN; Figure S1e). This estimate relies on nat-
urally occurring C substrates as opposed to an added substrate, 
suggesting that the microbial communities associated with native 
plants may be able to utilize more complex C sources. Contrary 
to the fungal communities, bacterial communities did not differ 
among plant communities in the observational plots, but appeared 
to respond more to differences in abiotic conditions, such as pH, 
across sites (Figure S2).

In all, we did not observe any clear link between CUE and mi-
crobial communities because microbial communities differed consis-
tently among plant communities in the experimental plots but CUE 
did not. It is possible that a potential plant community signal in the 
bacterial communities in the observational plots was swamped by 
substantial differences in bacterial communities among sites, and 
had we replicated within sites, we may very well have seen differ-
ences. Nonetheless, community composition was not informative of 
function (at least not the functions measured in our study), which is 
noteworthy as it contradicts other studies where consistent shifts 
in both structure and function have been observed (e.g. Fierer 
et al., 2012).

4.4  |  Implications for plant invasions and 
ecosystem functioning

The CUE of soil microbial communities has several direct and in-
direct effects on the functioning of the broader ecosystem. We 
show here that reduced CUE is linked to greater N mineralization 
and plant growth. This may be one additional tool in the tool kit 
that invasive plants use to invade and out- compete natives in less 
productive sites. If the mechanisms invoked here hold true to a 
wider set of plant invaders, there could be significant ecosystem 
consequences. Not only does the low microbial CUE associated 
with plant invaders imply less C can be stored in soils, it has the 
potential to shift semi- arid grasslands from C sinks to C sources. 
More, the rapid N cycling and higher availability of N associated 
with many invaders may facilitate hotspots of nitrous oxide pro-
duction— an important greenhouse gas— via denitrification. Thus, 
semi- arid grasslands have the potential to be a major source of 
gaseous N, as well. Considering that grasslands cover about 30% 
of the land surface, it may be even more imperative to protect and 
restore these landscapes to maintain their stability and function in 
an ever- changing world.
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