
Page 1/34

Global change reshapes native-invasive plant
competition through shifts in rhizosphere enzyme
investment and soil microbial responses
Keren Yanuka-Golub 

Galilee Society Institute of Applied Research https://orcid.org/0000-0002-8485-5828
Roaa Abu-Alhof 

Galilee Society Institute of Applied Reseach
Sawsan Hless 

Galilee Society Institute of Applied Research
Jackline Abu-Nassar 

ARO: Agricultural Research Organization
Maor Matzrafi 

ARO: Agricultural Research Organization

Research Article

Keywords: Invasive plants, Soil microbial communities, Plant–soil interactions, Soil enzyme activity,
Competition

Posted Date: April 21st, 2026

DOI: https://doi.org/10.21203/rs.3.rs-9356173/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-9356173/v1
https://doi.org/10.21203/rs.3.rs-9356173/v1
https://orcid.org/0000-0002-8485-5828
https://doi.org/10.21203/rs.3.rs-9356173/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/34

Abstract
Biological invasions are increasingly influenced by global change, yet how environmental drivers modify
competitive interactions between invasive and native plants is still not well understood. We tested how
warming, elevated CO₂, and nitrogen enrichment affect competition between the invasive Conyza
bonariensis and the native Helminthotheca echioides, using rhizosphere microbial responses as a lens for
interpreting competitive outcomes. Plants were grown alone or in competition under elevated
temperature, elevated CO₂, and ammonium-nitrate fertilization. We measured plant growth traits together
with rhizosphere extracellular enzyme activities, soil physicochemical properties, and abundances of
nitrogen-cycling marker genes. To relate belowground function to plant performance, we calculated a
growth-normalized Specific Rhizosphere Index (SRI) and a biomass-normalized Specific Enzyme Activity
(SEA). Responses were strongly driver- and context-dependent. Elevated CO₂ most clearly enhanced
invasive performance, especially leaf production, whereas warming effects emerged mainly under
competition. Fertilization caused comparatively modest changes in plant growth. Belowground
responses were strongly shaped by soil conditioning history: native- and invasive-conditioned soils
generally showed higher enzyme activities than control and shared competition soils, while elevated CO₂
increased N-acetyl-β-D-glucosaminidase activity mainly in invasive-conditioned soils and increased nirS
abundance across soil types. Although raw enzyme activities changed only modestly under some
treatments, SRI and SEA revealed shifts in the coupling between rhizosphere function and plant growth
across solitary and competitive growth contexts. These findings suggest that soil and rhizosphere
responses may contribute to how global change reshapes native-invasive competitive balance.

1. Introduction
Biological invasions are a major driver of ecological change, with invasive plant species often differing
fundamentally from native vegetation in their physiological, chemical, and functional traits (Drenovsky et
al., 2012; Funk et al., 2016; Leishman et al., 2007; Te Beest et al., 2015). These differences can alter
ecosystem processes, particularly those occurring in the soil (Belnap et al., 2005; Ehrenfeld, 2010, 2003).
In contrast to many native species, invasive plants typically exhibit rapid growth rates, high specific leaf
area, and elevated nutrient concentrations in their tissues. Such traits accelerate organic matter
decomposition and intensify nitrogen cycling in the soil (Li et al., 2024). In addition, many invasive
species exude distinctive secondary metabolites, including organic acids, antimicrobial compounds, and
allelopathic chemicals, that restructure soil microbial communities, suppress native plant diversity, and
confer competitive advantages to the invader (Kaštovská et al., 2015). Through these mechanisms,
invasive plants modify soil chemistry, nutrient turnover, and plant-microbiome interactions, often
disrupting ecological relationships essential for the persistence of native species (Weidenhamer and
Callaway, 2010).

Environmental change, particularly global warming and rising CO2 levels, is expected to differentially

affect invasive and native species (Ziska et al., 2019). Invasive plants often possess greater phenotypic
plasticity, broader ecological tolerance, and faster growth rates, enabling them to exploit shifting climatic
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conditions more effectively than native species. Studies suggest that invaders may also benefit indirectly
from water conserved by native plants during climate stress, thereby gaining an additional functional
advantage (Blumenthal et al., 2013). Native species, often adapted to narrower ecological niches, may
therefore decline in fitness under rapid environmental change. Such contrasts highlight the potential for
climate warming to amplify invasion dynamics and undermine ecosystem resilience and biodiversity (Liu
et al., 2017).

Nutrient enrichment, especially through nitrogen fertilization, is another global driver that
disproportionately benefits invasive species. Nitrogen, a limiting nutrient for both plants and soil
microorganisms, governs microbial metabolism, organic matter decomposition, and competition for soil
resources. Invasive plants frequently respond more strongly to nitrogen additions than native species,
increasing their biomass and competitive capabilities (Broadbent et al., 2018; Guo et al., 2023; Ren et al.,
2019; Zhang et al., 2022). Fertilizers such as ammonium nitrate (NH₄NO₃), which supply both ammonium
(NH₄⁺) and nitrate (NO₃⁻), accelerate carbon and nitrogen mineralization, stimulate soil respiration, and
enhance greenhouse gas emissions, particularly CO₂ (Choi et al., 2011) and N2O (Qiu, 2015; Yu et al.,
2021). These processes can further reinforce the success of nutrient-responsive invasive species
(Bezabih Beyene et al., 2022; Lee et al., 2012; Weltzin et al., 2003; Yanuka-Golub et al., 2025). Invasive
plants influence not only plant community structure but also elemental cycling in ecosystems. They
typically exhibit higher nitrogen-use efficiency (NUE), elevated nitrogen concentrations in plant tissues,
and lower carbon-to-nitrogen (C:N) ratios in their litter compared with native species (Jo et al., 2017;
Sardans et al., 2017). These traits lead to faster decomposition rates, enhanced mineralization and
nitrification, and greater availability of inorganic nitrogen (NH₄⁺, NO₃⁻) in the soil (Incerti et al., 2018).

Soil microbiomes play a central role in shaping the competitive balance between invasive and native
plant species (Fahey and Flory, 2022). Invasive plants frequently alter soil properties such as pH, carbon
content, and nutrient pools, which in turn restructure microbial community composition in ways that
reinforce their own dominance (Torres et al., 2021). These shifts often create positive plant-soil
feedbacks that enhance invader performance while reducing the growth of native species, as
demonstrated for species including Prosopis and Spartina (Gao et al., 2022; Kaushik et al., 2023; Zhang
et al., 2024). Environmental stressors such as drought further modulate these interactions, altering
microbial community composition and the nature of plant–microbe feedbacks (Fahey and Flory, 2022;
Wei et al., 2017). These findings support the view that soil microbial restructuring is not simply a
consequence of invasion but a mechanism that actively promotes invasive species persistence and
ecosystem-level change (Yanuka-Golub et al., 2025).

Soil enzymatic activity provides an important functional indicator of microbial responses to invasion.
Invasive plants often increase the activity of enzymes involved in carbon, nitrogen, and phosphorus
cycling, including, phenol oxidase, α/β-glucosidase, and N-acetyl-glucosaminidase (NAGase) (Aragón et
al., 2014; Chen et al., 2025; Negesse et al., 2025; Zhou and Staver, 2019). NAGase, which hydrolyzes
chitin into amino sugars, is closely associated with nitrogen mineralization and is commonly used as an
indicator of fungal-mediated organic N turnover in soil (Ekenler and Tabatabai, 2004; Hoppe, 2018). In
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parallel, the abundance of key genes involved in nitrogen and phosphorus cycling, such as amoA
(ammonia oxidation), nirS and nirK (denitrification), nifH (biological nitrogen fixation), and phoD
(phosphorus mineralization), provides complementary insights into the functional potential of microbial
communities under contrasting plant assemblies and environmental conditions (Bannert et al., 2011;
Enebe and Babalola, 2021; Li et al., 2025).

However, absolute enzyme activity or gene abundance alone does not fully capture how belowground
responses scale relative to plant performance. This is particularly relevant given ongoing debates over
the reliability of ecoenzymatic stoichiometry, which is typically inferred from a relatively small set of
measurable enzymes and remains incompletely validated as a proxy for microbial nutrient limitation (Cui
et al., 2022; Mori, 2024; Zheng et al., 2022). To better connect rhizosphere function with competitive
outcomes, we used two complementary integrative metrics: a growth-normalized Specific Rhizosphere
Index (SRI), which relates enzyme activity to plant relative growth rate, and a biomass-normalized
Specific Enzyme Activity (SEA), which relates enzyme activity to microbial biomass estimated from
bacterial 16S rRNA gene abundance (Bergmann et al., 2020; Wright et al., 2004). In this study, these
indices are used as comparative tools for interpreting how rhizosphere function shifts across solitary
and competitive growth contexts, rather than as direct measures of microbial nutrient limitation (Emmett
et al., 2020; Wen et al., 2022).

These relationships were investigated using the invasive Conyza bonariensis and the native
Helminthotheca echioides, two species that co-occur in northern Israel and differ strongly in competitive
behavior. C. bonariensis (flaxleaf fleabane), an annual herb from the Asteraceae family, originating from
tropical South America. It is among the most widespread invasive plants in Israel and is characterized by
rapid growth, prolific seed production, and strong competitive ability (Dafni and Heller, 1982). This
species has also developed resistance to several key herbicides, making it highly difficult to control
(Matzrafi et al., 2015). In contrast, H. echioides (prickly ox-tongue) from the Asteraceae family is a native
annual species common in moist habitats of northern and central Israel. Their coexistence provides an
opportunity to examine how global change drivers modify native–invasive interactions aboveground and
belowground.

Here, we tested how warming, elevated CO₂, and nitrogen enrichment influence competition between C.
bonariensis and H. echioides, and whether shifts in competitive balance are accompanied by changes in
rhizosphere microbial responses. We expected that global change drivers would alter plant performance
in a context-dependent manner, and that these changes would be associated with shifts in extracellular
enzyme activity, nitrogen-cycling gene abundance, and the coupling between plant growth and
rhizosphere function. We further expected that these responses would differ between plants grown
alone and under interspecific competition, and between native- and invasive-conditioned soils.

2. Materials and Methods
Soil properties
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Bulk soil for the conditioning experiment was collected in the Newe Ya’ar region (northern Israel).
Particle-size analysis showed 14.0% sand, 36.4% silt, and 49.6% clay. Prior to use, soil was air-dried,
passed through a 2-mm sieve to remove coarse debris, and homogenized. This Mediterranean alluvial
soil typically exhibits high water-holding capacity and slow drainage, factors likely to influence microbial
activity and plant–soil interactions during the experiment.

Seed pretreatment prior to sowing

Mature seeds of the native H. echioides and the invasive C. bonariensis were collected at the ridges of
the Nahalal stream (32.707110, 35.185445). Seeds of each species were sown into sieved-homogenized
Newe Ya’ar soil and maintained in a controlled-environment chamber at 20/27°C (night/day), with a 14h
photoperiod and 700µmol m− 2 s− 1 photosynthetic photon flux density (fluorescent lighting). Plants were
grown under controlled conditions in a growth chamber (Conviron®, Gene 2000). Pots were watered
regularly to maintain consistent soil moisture, avoiding both overly dry and waterlogged conditions. After
germination, seedlings were grown until they developed at least four true leaves. Then, plants were
moved to 1L pots filled with Newe Ya’ar soil. All treatments were applied one week after transplanting to
make sure that plants had established properly.

Experimental design of temperature, CO₂, and nitrogen fertilization experiments

To evaluate how changing environmental conditions modulate competitive interactions between the
invasive plant C. bonariensis and the native species H. echioides, we conducted three controlled
experiments manipulating temperature, atmospheric CO₂ concentration, and ammonium-nitrate
fertilization. Temperature treatments consisted of 20/27°C vs. 22/29°C, and CO₂ levels were set at
ambient (~ 400 ppm) vs. elevated (~ 720 ppm). To investigate the effect of agricultural run-off
containing high fertilizer-N inputs on native-invasive competition soil feedbacks, fertilization was applied
by adding ammonium nitrate to reach a final concentration of 25 mg N kg⁻¹ soil, while control plants
received no nutrient additions. Each experiment included four planting treatments: native planted alone,
invasive planted alone, native-invasive planted in the same pot, and soil-only as a control, established
under identical growth conditions except for the imposed environmental factor. For all experiments, we
monitored plant performance (leaf traits) weekly. The harvested soil from each pot was subsequently
used for downstream microbial analyses. Several soil-related measurements were also recorded:
extracellular enzyme activities (α-glucosidase and N-acetyl-β-D-glucosaminidase), functional microbial
genes via qPCR, and soil chemistry properties to assess nutrient availability and biochemical shifts. This
integrated design allowed us to compare how each environmental driver differentially influences
invasive-native plant competition and the functional responses of their associated soil microbial
communities, relative to non-competitive conditions. Overall, the experiments combined two species
combinations, three environmental conditions, and four biological replications per plant (five for the
warming experiment), including control pots (soil only). In total, each growth chamber contained 16 pots
(20 for the warming experiment). It should be noted that the experiments are not directly comparable
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due to their varying durations: the temperature and fertilization experiment ran for 35 days, and the CO₂
experiment for 28 days.

Soil sampling and bulk soil chemical characterization

At the conclusion of each experiment, plants were manually removed from the pots and aboveground
biomass was separated for phenotypic measurements. To access the root-associated soil while
avoiding contamination from the green surface crust (algal/bryophyte layer) that had formed during the
experiment, each pot was inverted to expose the root system. Based on the planting treatments, four
distinct soil types were obtained: Control soil: Bulk soil from pots maintained without plants; Native
rhizosphere: Interface soil conditioned solely by H. echioides; Invasive rhizosphere: Interface soil
conditioned solely by C. bonariensis; Competition rhizosphere: A shared, integrated interface soil
conditioned by both species. Due to the physical intertwining of root systems in the mixed-planting
treatment, this fraction was collected as a single homogenized sample representing the combined
influence of both the native and invasive plants.

For each type, soil adhering to and immediately surrounding the roots (or the equivalent depth in control
pots) was gently dislodged and homogenized to obtain a bulk-rhizosphere interface subsample. Within
each treatment group, these interface soils were processed to form representative samples for
downstream microbial analyses, including DNA extraction and extracellular enzyme assays. The
remaining soil in each pot, which was not in direct contact with the root system, was collected separately
as bulk soil for moisture determination and chemical characterization. To determine soil moisture
content, approximately 5 g of bulk soil were weighed and dried at 105°C for 24 h. The resulting moisture
values were used to normalize all enzymatic activity rates, gene abundance measurements, and
chemical nutrient content to a dry-weight basis. Chemical analysis of the bulk soil included pH and
inorganic nitrogen species (N-NH4 and N-NO3). pH was determined in a saturated soil paste extract
following Standard Method SM 4500 H-B. Extractable nitrate N-NO3 was quantified using an aqueous
extraction (1:5 w/v soil-to-deionized water) according to the American Society of Agronomy protocols
(ASA, 1965; Method #1, Ch. 84 − 5). Ammonium N-NH4 was extracted using a 2N KCl solution (1:5 w/v)

to displace exchangeable ions (Bremner, 1965), followed by colorimetric determination via the
indophenol blue method (Kalra and Maynard, 1991). To ensure that nitrogen availability was not
confounded by variations in soil moisture across environmental treatments (warming, CO2, and Nitrogen

fertilization), all liquid extract concentrations (mg L− 1) were normalized to a dry-soil mass basis (mg N
kg− 1 dry soil). This normalization accounted for the 1:5 extraction ratio and the gravimetric moisture
content determined for each sample after drying at 105°C for 24 h.

DNA extraction and microbial gene abundance via qPCR

Whole-community genomic DNA was extracted from ~ 480 mg of homogenized root-associated fresh
soil using the FastDNA™ SPIN Kit for Soil (MP Biomedicals) following the manufacturer’s protocol with
minor modifications. DNA extracts were stored at − 20°C until further analysis. DNA purity and
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concentration were assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington, DE, USA). All PCR products were verified by 1.5% agarose gel electrophoresis, stained with
Hy-View Nucleic Acid Stain (Cat. No. IMGS7011).

Absolute abundances of the bacterial 16S rRNA gene (proxy for total bacterial biomass) and selected
functional genes were quantified by quantitative PCR (qPCR) following established protocols (Borchardt
et al., 2021). Reactions were performed with SsoAdvanced™ Universal Inhibitor-Tolerant SYBR® Green
Supermix (Bio-Rad) on a CFX96 Real-Time PCR System, and Cq values were processed in CFX Manager
v2.3. Each 25 µL reaction contained 12.5 µL SYBR® Green Supermix, 0.3 µM of each primer, and 1 µL of
DNA template. Because microbial biomass varied substantially among treatments, extracts were not
normalized to a uniform DNA concentration; instead, a fixed template volume (1 µL) was used for all
reactions. All samples and standards were run in technical triplicates. No-template controls (DNA-free
water) were included on every plate. Assay specificity was confirmed during optimization by agarose gel
electrophoresis (expected amplicon size) and melt-curve analysis (65–95°C). Primer sequences, cycling
conditions, and assay-specific amplification efficiencies are provided in Supplementary Table S1.

Several functional genes were initially screened by endpoint PCR (amoA, phoD, nirK, nirS, pmoA). Only
nirS and amoA were consistently detected across all soil samples and were therefore quantified by
qPCR. Standard curves and conversion of Cq to gene copies: For amoA and nirS, standard curves were
generated using ten-fold serial dilutions (10⁻² to 10⁻⁹) of synthetic double-stranded DNA fragments
(gBlocks; Integrated DNA Technologies) corresponding to the expected amplicon region (Han et al.,
2023). gBlocks were suspended in TE buffer (stock 20 ng µL⁻¹). For each assay, Cq values of the
standards were regressed against log10 of the standard concentration (in the same concentration unit
used to prepare the dilution series; e.g., ng µL⁻¹). The resulting linear regression parameters (slope m
and intercept 𝑏) were used to convert sample Cq to an equivalent DNA concentration

Equation 1: 

Where C is the DNA concentration of the target fragment in the extract (e.g., ng µL⁻¹). DNA mass was
then converted to absolute copy number using the fragment length (bp):

Equation 2: 

where NA is Avogadro’s number (6.022×10²³ molecules mol⁻¹) and 660 g mol⁻¹ bp⁻¹ is the average
molecular weight of one base pair of double-stranded DNA.

For the 16S rRNA gene absolute quantification, standard curves were generated from tenfold serial
dilutions of purified genomic DNA of Geobacter metallireducens (DSM 7210), with the starting copy
number calculated based on the precise mass (103 ng µl− 1) of the purchased DNA and its known
genome size (chromosome 3,997,420 bp + plasmid 13,762 bp ≈ 4.01 Mbp total; Aklujkar et al., 2009) and

log10 (C) =
Cq−b

m

Gene copies mg
−1
dry soil =

C (ng μ L)× 10−9× NA

Fragment size (bp)× 660
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16S copy number (n = 2 obtained from rrnDB record):
.

For all primer sets, gene copy numbers were calculated for each technical replicate and then averaged
(mean ± SD). Copy numbers were normalized to dry soil mass using the measured dry mass
corresponding to each extraction and the total DNA elution volume (90 µL). The qPCR conditions and
amplification efficiencies are described in Supplementary Table S1.

Extracellular Enzyme Activity Assays

The activities of two common hydrolytic enzymes were measured to evaluate microbial potential for soil
carbohydrate and nitrogenous organic-matter degradation using fluorometric assays. We quantified
α-1,4-glucosidase (AG; EC 3.2.1.20), which hydrolyzes terminal α-glucosidic linkages in starch-like
substrates, and β-1,4-N-acetylglucosaminidase (NAGase; EC 3.2.1.52), which cleaves N-acetyl-β-D-
glucosamine from chitin and peptidoglycan. Assays followed modified protocols from German et al.
(2011), using Sigma-Aldrich substrates 4-methylumbelliferyl α-D-glucopyranoside (69591) for AG and 4-
methylumbelliferyl N-acetyl-β-D-glucosaminide (M2133) for NAGase. Three technical replicates of each
sample were assayed per substrate concentration, along with negative controls (no sample). Enzyme
activities were quantified by the release of 4-Methylumbelliferone (MUF) from fluorogenic substrates.
Standard curves were prepared fresh daily using 4-Methylumbelliferone sodium salt (MW = 198.15
g/mol), dissolved in sterile deionized water to a stock concentration of 600 µM, and serially diluted to
generate a standard range of 100–600 µM. For the purpose of final activity calculations, standard
concentrations were corrected to reflect the molar mass of neutral MUF (MW = 176.17 g/mol), as this
represents the actual fluorophore released during enzymatic hydrolysis.

Soil slurries (homogenates) were prepared fresh on the day of analysis by vortexing 2.0 g (± 0.2) of fresh
soil in 10 mL of sterile deionized water at half speed for 10 minutes (Vortex Genie 2, Scientific
Industries) to obtain a homogeneous suspension. Several control treatments were included: (1)
homogenate control (soil and water without substrate), (2) substrate control (substrate and water
without soil), (3) homogenate quality control (homogenate spiked with a known MUF concentration), (4)
standard MUF control (MUF in water), and (5) blank control (water only). All reactions (samples, controls,
and standards) were conducted in a total volume of 2 mL, composed of 1 mL soil homogenate/water
and 1 mL substrate solution, and incubated in the dark at room temperature for 1 hour. After incubation,
tubes were centrifuged at 14,000 rpm for 5 minutes. A volume of 250 µL of the supernatant was
transferred to a black 96-well microplate, and 50 µL of sterile water was added to bring the total volume
to 300 µL.

Fluorescence was measured using a microplate reader (Feyond-A300) with excitation at 365 nm and
emission at 450–460 nm. Fluorescence values were converted to product concentrations using the
corrected standard curve, with quenching corrections applied based on individual sample quench
curves. Final enzyme activity was expressed as µmol MUF released per gram of dry soil per hour (µmol
g⁻¹ h⁻¹), accounting for total reaction volume, incubation time, dry soil weight equivalent, and background

16S copies μ L−1 = genome copies μ L−1 × n
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fluorescence (German et al., 2011). Detailed standard curve parameters and quenching values are
provided in Supplementary Table S2.

Integrated assessment of plant performance and aboveground-belowground feedbacks

To synchronize aboveground physiological performance with belowground functional shifts, several
proxies provided an estimate of physiological performance, capturing the growth kinetics of both
species across two distinct biotic contexts: individuals grown in a solitary state and those subjected to
interspecific competition (Markham and Chanway, 1996). The growth of both native H. echioides and
invasive C. bonariensis was quantified via a rosette development index, following established vitality
metrics for this species (Karkanis et al., 2022): G = Leaf Number (N) * Rosette Diameter (D). These
temporal dynamics were integrated into a unified Relative Growth Rate (RGR), calculated as:

Equation 3: 

where t1 and t2 are the initial and final experimental time points, respectively.

To evaluate microbial nutrient-mobilization relative to plant performance, we calculated a Specific
Rhizosphere Index (SRI) for two key enzymes: α-glucosidase and β-1,4-N-acetylglucosaminidase
(NAGase). The SRI was defined as the ratio of potential enzyme activity to plant relative growth rate
(RGR), representing the microbial investment in rhizosphere nutrient acquisition per unit plant growth.
Higher SRI values therefore indicate a stronger soil enzymatic response relative to plant performance,
whereas lower values indicate tighter coupling between plant growth and microbial activity (Dijkstra et
al., 2013; Emmett et al., 2020; Huo et al., 2017; Meier et al., 2020). This integrated approach allowed for a
direct assessment of whether environmental drivers induced a functional coupling or decoupling
between plant nutrient demand and microbial supply. To quantify the metabolic burden on the microbial
community, we calculated the Specific Investment Cost (Tax). Potential activities for α-glucosidase and
NAGase were normalized to 16S rRNA gene copies, providing an estimate of microbial resource
investment per biomass (Sinsabaugh et al., 2013). This 'tax' was then compared across solitary and
competitive contexts to determine the net shift (ΔTax) in microbial effort induced by interspecific plant
interactions.

Results

3.1 Plant physiological responses under warming,
fertilization, and elevated CO₂
Across the experiments, invasive and native plants differed in their growth responses, and these
responses depended strongly on whether plants were grown alone or in direct competition. In the
warming experiment, temperature effects were small under ambient conditions and when plants were

RGR =
lnGt2−lnGt1

t2−t1
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grown alone, but became more pronounced under competition, where warming relieved competitive
stress and narrowed the difference between solitary and competitive plants (Fig. 1, Table S3).

For leaf production (Fig. 1A), invasive C. bonariensis grown alone produced similarly high leaf numbers at
both temperatures by week 5 (34.2 ± 1.6 at 27°C vs. 34.4 ± 5.2 at 29°C), indicating limited direct warming
effects under non-competitive conditions. Under competition, however, warming increased invasive leaf
number (21.8 ± 3.1 at 29°C vs. 16.6 ± 1.5 at 27°C, week 5), thereby reducing the magnitude of the
competitive penalty at elevated temperature. Conversely, H. echioides showed minimal temperature
dependence in leaf production, regardless of whether plants were grown alone or in competition (alone:
7.8 ± 1.3 vs. 8.0 ± 1.0; competition: 5.8 ± 0.45 vs. 6.75 ± 1.71, week 5).

Leaf diameter (Fig. 1B) clearly showed that warming reduced competitive constraints on growth,
especially for the native species. In C. bonariensis, warming modestly increased final leaf diameter both
when plants were grown alone (11.9 ± 1.6 at 29°C vs. 10.4 ± 0.4 at 27°C) and under competition (9.2 ± 0.8
vs. 7.4 ± 0.7), also reducing the gap between solitary and competitive plants at the higher temperature. In
H. echioides, competition strongly constrained leaf expansion at 27°C (6.4 ± 2.4 under competition vs.
16.1 ± 4.0 alone), but this constraint was largely alleviated at 29°C, where competitive plants reached leaf
diameters much closer to those of solitary plants by week 5 (12.1 ± 3.4 under competition vs. 13.8 ± 1.9
alone).

Plant growth responses to CO₂ enrichment depended strongly on species identity and competitive
context (Fig. 2; Table S3). When grown alone, C. bonariensis produced substantially more leaves than the
native species (Fig. 2A), and elevated CO₂ was associated with a marked increase in final leaf number
relative to ambient CO₂ (34.75 ± 6.75 vs. 20.25 ± 2.63 leaves). Under competition, this positive CO₂ effect
on invasive leaf number persisted but was reduced in magnitude (19.25 ± 3.95 vs. 14.75 ± 0.96 leaves),
indicating that biotic interactions constrained the CO₂ stimulation of invasive leaf production.

Compared with the invasive species, H. echioides exhibited only minor CO₂-driven changes that differed
between solitary and competitive pots. When grown alone, the native plant showed only a small increase
in leaf number under elevated CO₂ (9.25 ± 0.50 vs. 8.75 ± 0.96 leaves). Under competition, however, leaf
number was lower under elevated CO₂ than under ambient CO₂ (7.00 ± 1.15 vs. 8.25 ± 1.26 leaves),
suggesting that the direction of the CO₂ effect on native leaf production depended on competitive
context. Notably, this contrasts with the warming experiment, where native leaf number remained
broadly similar across temperatures in both solitary and competitive pots, implying that leaf production
in the native species is relatively temperature-insensitive but can shift modestly under CO₂ enrichment
depending on competition.

Leaf diameter responses further highlighted species-specific strategies (Fig. 2B). In C. bonariensis,
differences in leaf diameter between CO₂ treatments were modest when plants were grown alone (11.28 
± 0.94 at elevated CO₂ vs. 13.77 ± 8.00 at ambient CO₂) and slightly higher under elevated CO₂ when
grown in competition (7.28 ± 1.38 vs. 5.83 ± 0.43). In contrast, H. echioides exhibited a strong CO₂-linked
increase in leaf expansion when grown alone, with substantially larger leaves under elevated CO₂ (37.23 
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± 4.24 vs. 26.98 ± 3.42). This enhancement was not observed under competition, where leaf diameters
were comparable or slightly lower under elevated CO₂ (23.05 ± 3.45 vs. 25.20 ± 1.62). Together, these
results indicate that CO₂ enrichment primarily promoted invasive leaf production, whereas the native
response was expressed mainly through enhanced leaf expansion in solitary plants, with competition
dampening these CO₂-driven growth responses (Fig. 2; Table S3).

In the fertilization experiment, ammonium-nitrate addition (25 mg N kg⁻¹ soil) produced only modest
shifts in plant growth, and treatment differences remained small at week 5 (Fig. 3; Table S3). For the
invasive C. bonariensis, competition consistently reduced growth relative to plants grown alone, lowering
both leaf number and leaf diameter under both nutrient regimes (Fig. 3A–B). Fertilization partially
mitigated competitive suppression of C. bonariensis: under competition, fertilized plants ended with
more leaves than unfertilized plants (21.0 ± 4.0 vs. 17.0 ± 3.2) and slightly larger leaves (7.0 ± 0.6 vs.
5.88 ± 1.03), although these trends were not significant by week 5 (Table S3).

By contrast, H. echioides showed minimal fertilization effects on leaf number, and competitive plants had
a slightly higher leaf number than solitary plants under both nutrient regimes (fertilized: 7.00 ± 1.15 vs.
6.00 ± 0.82; unfertilized: 7.25 ± 1.50 vs. 6.50 ± 1.00; Fig. 3A; Table S3). Native leaf diameter responses
were small and variable, with only minor differences between fertilized and unfertilized treatments and
between solitary and competitive growth (Fig. 3B).

Trait-specific responses, however, revealed contrasting sensitivities between species. In the native H.
echioides, fertilization was associated with a comparatively steep increase in leaf number during the
later stages of the experiment, indicating enhanced leaf production rather than increased leaf expansion
(Fig. 3A). In contrast, fertilization effects in C. bonariensis were more strongly expressed through
increases in leaf diameter, particularly in plants grown alone, suggesting preferential allocation toward
leaf expansion rather than leaf initiation (Fig. 3B). Despite these divergent trait responses, nutrient
addition had little effect on native growth under competitive conditions, where leaf number and leaf
diameter trajectories remained nearly identical between fertilized and unfertilized treatments. Overall,
fertilization did not override the competitive effect, but instead revealed species-specific growth
strategies: native plants responded primarily via increased leaf number, whereas invasive plants
exhibited greater plasticity in leaf expansion.

3.2 Soil physicochemical conditions across experimental
treatments
Soil physicochemical conditions varied across plant-soil legacies and experimental manipulations
(Table 1). Raw data and statistical outputs are provided in Supplementary Table 3.

Temperature experiment. Across soil legacies, warming from 27 to 29°C was generally associated with
higher NH₄⁺ (mg N–NH₄ kg⁻¹ dry soil), with the strongest shift in native-conditioned soils (27.30 ± 5.69 to
147.12 ± 143.67) and more moderate increases in the control treatment with no plants grown (32.59 ± 
5.04 to 43.84 ± 4.61), invasive (30.06 ± 8.64 to 69.69 ± 24.14), and competition soils (44.18 ± 15.48 to



Page 12/34

59.44 ± 4.79; Table 1). NO₃⁻ (mg N–NO₃ kg⁻¹ dry soil) remained low across most soil types and
temperatures (≈ 1.07–2.38), but was higher and markedly more variable in native soils at 29°C (5.04 ± 
5.71; Table 1). pH showed modest but consistent legacy-dependent differences, with higher values in
control and invasive soils at 27°C (7.92 ± 0.08 and 7.94 ± 0.05) and lower values in invasive and native
soils at 29°C (7.72 ± 0.13 and 7.62 ± 0.08; Table 1).

CO₂ experiment. Elevated CO₂ was associated with a small reduction in pH, most apparent in
competition soils (Ambient: 8.07 ± 0.05 vs Elevated: 7.80 ± 0.27; Table 1). NO₃⁻ patterns were strongly
legacy-dependent and CO₂-sensitive: control soils showed higher nitrate under elevated CO₂ (Ambient:
2.00 ± 3.23 vs Elevated: 9.34 ± 8.18), whereas competition soils remained near zero under both CO₂
treatments (Table 1). NH₄⁺ was also lower under elevated CO₂, with the clearest contrast in control soils
(Ambient: 27.62 ± 1.85 vs Elevated: 15.91 ± 7.16; Table 1). Compact letters summarizing significant
pairwise differences are reported in Supplementary Table 3.

Fertilization experiment. Soil pH was stable across legacies and between fertilized and unfertilized
treatments (Table 1). NH₄⁺ also showed little separation among soil types or fertilization treatments. In
contrast, NO₃⁻ clearly differentiated soils and responded to fertilization: control soils maintained the
highest nitrate concentrations overall, and fertilized treatments showed higher nitrate than unfertilized
treatments across soil legacies (Table 1; Supplementary Table 3).

Table 1
Soil chemical characteristics across plant–soil treatments. Values are mean ± SD.

SoilType Temp.

(°C)

pH NO3 (mg N–NO3 kg⁻¹) NH4 (mg N–NH4 kg⁻¹)

Control 27 7.92 ± 0.08 (n = 5) 2.38 ± 1.11 (n = 5) 32.59 ± 5.04 (n = 5)

Control 29 7.96 ± 0.09 (n = 5) 1.59 ± 0.90 (n = 5) 43.84 ± 4.61 (n = 5)

Native 27 7.88 ± 0.08 (n = 5) 1.34 ± 0.36 (n = 5) 27.30 ± 5.69 (n = 5)

Native 29 7.62 ± 0.08 (n = 5) 5.04 ± 5.71 (n = 5) 147.12 ± 143.67 (n = 5)

Invasive 27 7.94 ± 0.05 (n = 5) 1.83 ± 0.98 (n = 5) 30.06 ± 8.64 (n = 5)

Invasive 29 7.72 ± 0.13 (n = 5) 1.78 ± 0.54 (n = 5) 60.06 ± 12.56 (n = 5)

Competition 27 7.78 ± 0.08 (n = 5) 1.07 ± 0.06 (n = 5) 44.18 ± 15.48 (n = 5)

Competition 29 7.76 ± 0.11 (n = 5) 1.52 ± 0.53 (n = 5) 59.44 ± 4.79 (n = 5)
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SoilType CO2 pH NO3 (mg N–NO3 kg⁻¹) NH4 (mg N–NH4 kg⁻¹)

Control Ambient 7.97 ± 0.05 (n = 4) 2.00 ± 3.23 (n = 4) 27.62 ± 1.85 (n = 4)

Control Elevated 7.95 ± 0.06 (n = 4) 9.34 ± 8.18 (n = 4) 15.91 ± 7.16 (n = 4)

Native Ambient 8.00 ± 0.08 (n = 4) 0.31 ± 0.63 (n = 4) 18.73 ± 11.73 (n = 4)

Native Elevated 7.97 ± 0.05 (n = 4) 0.20 ± 0.41 (n = 4) 19.35 ± 3.78 (n = 4)

Invasive Ambient 8.07 ± 0.10 (n = 4) 1.13 ± 1.31 (n = 4) 24.96 ± 0.12 (n = 4)

Invasive Elevated 7.95 ± 0.06 (n = 4) 1.52 ± 0.55 (n = 4) 14.96 ± 9.35 (n = 4)

Competition Ambient 8.07 ± 0.05 (n = 4) 0.00 ± 0.00 (n = 4) 25.78 ± 2.17 (n = 4)

Competition Elevated 7.80 ± 0.27 (n = 4) 0.75 ± 0.53 (n = 4) 24.00 ± 4.39 (n = 4)

SoilType Fertilize pH NO3 (mg N–NO3 kg⁻¹) NH4 (mg N–NH4 kg⁻¹)

Control No 8.18 ± 0.10 (n = 4) 41.40 ± 17.47 (n = 4) 17.32 ± 13.39 (n = 4)

Control Yes 8.20 ± 0.08 (n = 4) 61.35 ± 15.27 (n = 4) 13.35 ± 3.35 (n = 4)

Native No 8.15 ± 0.06 (n = 4) 14.62 ± 9.89 (n = 4) 11.40 ± 2.70 (n = 4)

Native Yes 8.22 ± 0.10 (n = 4) 33.77 ± 22.76 (n = 4) 10.15 ± 3.55 (n = 4)

Invasive No 8.15 ± 0.10 (n = 4) 3.79 ± 1.41 (n = 4) 11.89 ± 1.47 (n = 4)

Invasive Yes 8.20 ± 0.00 (n = 4) 27.10 ± 5.33 (n = 4) 12.59 ± 1.16 (n = 4)

Competition No 8.05 ± 0.24 (n = 4) 4.72 ± 5.57 (n = 3) i 17.87 ± 15.22 (n = 4)

Competition Yes 8.15 ± 0.06 (n = 4) 15.88 ± 14.49 (n = 4) 11.06 ± 3.46 (n = 4)

i For the fertilization experiment, NO₃⁻ in the Competition, No fertilization treatment is based on n = 3
(one replicate missing due to a technical measurement issue).

3.3 Global change and soil legacy effects on rhizosphere
enzyme activity and microbial functional indicators
Warming, fertilization, and elevated CO₂ differentially influenced rhizosphere extracellular enzyme
activities and functional gene abundances, and these responses were strongly mediated by soil
conditioning history (Supplementary Fig. S4A–B; Supplementary Table 4). Temperature emerged as the
dominant driver across all soil types, consistent with the well-established temperature sensitivity of
microbial N-acquisition processes (Allison and Treseder, 2008; Sinsabaugh et al., 2009). Potential EEA
for both enzymes remained broadly similar between 27 and 29°C across soil types (Supplementary Fig.
S4A), while legacy effects were consistent: native- and invasive-conditioned soils generally exhibited
higher potential activities than control and competition soils. The gene response to warming was more
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specific, where nirS increased in control soils at 29°C, such that control soils largely closed the gap with
the other legacies, whereas nirS in the remaining soil types stayed similar to their 27°C levels
(Supplementary Fig. S4B; Supplementary Table 4). The fertilization experiment produced no clear shifts
in either potential EEA or the abundances of nirS and bacterial amoA across soils or treatments
(Supplementary Fig. S4A-B; Supplementary Table 4). In contrast, elevated CO₂ effects were soil-type
specific, enhancing β-1,4-N-acetylglucosaminidase activity primarily in invasive-conditioned soils, while
having little to no effect in native, control, or competition-conditioned soils (Supplementary Fig. S4A). In
parallel, nirS abundance increased under elevated CO₂ across soil types (with control soils relatively high
under ambient CO₂), indicating a consistent CO₂-associated increase in denitrification potential
(Supplementary Fig. S4B; Supplementary Table 4). This pattern suggests that plant legacies amplify
microbial responsiveness to altered carbon inputs under CO₂ enrichment, likely through changes in
substrate availability and microbial nutrient demand (Cheng et al., 2014; Phillips et al., 2012).

3.3.1 Linking plant growth to rhizosphere enzyme
investment
Because plant growth and rhizosphere microbial processes are tightly coupled, via root-derived carbon
inputs, microbial enzyme-mediated nutrient mobilization, and feedbacks on plant nutrient supply, we
linked aboveground growth rates to belowground function using two complementary, theory-grounded
normalizations of enzyme activity (Bengtson et al., 2012; Dijkstra et al., 2013). First, we calculated a
growth-normalized rhizosphere investment index (here termed the Specific Rhizosphere Index; SRI),
defined as potential enzyme activity divided by plant relative growth rate (RGR). This formulation
captures the enzyme investment per unit plant growth, aligning with rhizosphere theory that plant growth
and nutrient demand can intensify belowground processes (focusing here on enzyme production) and
thereby couple plant performance to microbial nutrient mobilization (Dijkstra et al., 2013; Kuzyakov and
Razavi, 2019). Second, we quantified biomass-specific microbial investment (here termed Tax, computed
as Specific Enzyme Activity; SEA), defined as potential enzyme activity normalized by microbial biomass,
where biomass was estimated here using 16S rRNA gene copy number (Sinsabaugh et al., 2009).

3.3.2 Warming reconfigures competition effects on
growth- and biomass-normalized investment
Using the growth-normalized investment index (SRI) and biomass-normalized (16S abundance)
microbial investment (SEA), Fig. 4 shows that the impact of competition between the native and invasive
plants on belowground C- and N-acquisition investment was temperature-dependent and differed
between soil legacies. At 27°C, competition was associated with a pronounced decrease in SRI in
invasive-conditioned soils for both α-D-glucosidase (C acquisition; Fig. 4A) and NAGase (N acquisition;
Fig. 4C), whereas native-conditioned soils showed only small shifts. In parallel, ΔTax decreased under
competition in the invasive legacy (Fig. 4A, C), indicating reduced per-biomass enzyme investment
(SEA/16S) from alone to competition. Together, these patterns indicate that under ambient temperature
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the invasive legacy exhibits a stronger competition-linked reorganization of enzyme investment relative
to plant growth and microbial biomass for both C and N acquisition pathways.

At 29°C, the competition response shifted toward native-conditioned soils (Fig. 4B, D). Native soils
showed large competition-associated decreases in SRI for both enzymes, while invasive soils displayed
only modest change in α-D-glucosidase-based SRI and little to no change in NAGase-based SRI. Notably,
ΔTax values were near zero at 29°C for both legacies, suggesting that the competition-associated
changes in SRI under warming were not primarily driven by changes in per-biomass enzyme investment,
but rather by changes in the balance between potential enzyme activity, microbial biomass, and plant
growth across treatments. Supporting EEA and gene abundance patterns are provided in Supplementary
Fig. S4A-B and Supplementary Table S4 and S5.

Ecoenzymatic stoichiometry provides a complementary view of microbial resource allocation by
comparing relative investment in C- vs N-acquiring enzymes based on potential activities. In the ln-ln
space of α-D-glucosidase (C acquisition) versus NAGase (N acquisition), points falling above the 1:1 line
indicate proportionally greater investment in C acquisition (a “C-limited” domain), whereas points below
the line indicate proportionally greater investment in N acquisition (an “N-limited” domain) (Eco-
stoichiometry plot; Supplementary Table 4C). The enzyme C:N index (Supplementary Table 4C) captures
this relationship numerically, where the 27°C and 29°C samples largely overlap in this enzyme-allocation
space, consistent with the limited temperature effect on raw potential enzyme activities (Supplementary
Fig. S4A). Thus, the strong temperature-dependent patterns in Fig. 4 are best interpreted as changes in
the coupling between belowground potential function and aboveground growth (SRI) and in biomass-
normalized investment (SEA), rather than an extensive shift in the relative allocation between C- and N-
acquiring enzymes (Supplementary Fig. S4A–B; Supplementary Table 4C).

3.3.3 CO₂ enrichment reconfigures competition effects on
investment indices
Figure 5 shows that CO₂ enrichment reconfigured how competition translated into belowground C- and
N-acquisition investment in the native vs invasive rhizospheres. Under ambient CO₂, competition
increased both C-investment cost (α-D-glucosidase; Fig. 5A) and N-investment cost (NAGase; Fig. 5C),
with the largest increase in the invasive rhizosphere (ΔSRI𝐶 = +428; ΔSRI𝑁 = +395), whereas the native
rhizosphere showed smaller increases (ΔSRI𝐶 =+77; ΔSRI𝑁 = +75). These competition-driven increases
in SRI under ambient CO₂ coincided with negative ΔTax values (SEA/16S), indicating reduced per-
biomass enzyme investment from alone to competition growth mode despite higher growth-normalized
costs (Fig. 5A, C; supporting EEA and gene patterns in Supplementary Fig. S4A–B and derived indices in
Supplementary Table 4). Under elevated CO₂, competition effects were reversed (Fig. 5B, D). In the native
rhizosphere, competition shifted toward lower investment costs (ΔSRI𝐶 = −39; ΔSRI𝑁 = −40), while in the

invasive rhizosphere the competition effect was modest for C acquisition (ΔSRI𝐶 = +92) and reversed for
N acquisition (ΔSRI𝑁 = −59). Across panels, ΔTax values were small under elevated CO₂, suggesting that
CO₂ enrichment reduced the extent to which competition-driven changes were accompanied by large
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shifts in biomass-normalized microbial enzyme investment (SEA/16S) (Fig. 5; Supplementary Table 4).
Ecoenzymatic stoichiometry was evaluated using the same ln–ln framework described above (α-D-
glucosidase vs. NAGase; 1:1 reference line). Under ambient and elevated CO₂, samples largely
overlapped in this enzyme-allocation space, showing no clear CO₂-driven shift relative to the 1:1 line
(Supplementary Table 4C). This indicates that CO₂ enrichment did not substantially re-partition potential
enzyme investment between C- and N-acquisition pathways. Accordingly, the CO₂-dependent responses
in Fig. 5 are best interpreted as changes in the coupling between potential belowground function and
aboveground growth (SRI) and in biomass-normalized investment (SEA/16S) across competitive
contexts, rather than changes in enzyme allocation per se (Supplementary Fig. S4A–B; Supplementary
Table 4).

3.3.4 Fertilization modestly reshapes competition-linked
enzyme investment costs
Figure 6 shows that fertilization changed how competition translated into growth-normalized enzyme
investment costs (SRI) and biomass-normalized investment (ΔTax; SEA/16S) for both C- and N-
acquisition enzymes. Under no fertilization, competition generally reduced SRI in the invasive
rhizosphere for both α-D-glucosidase (ΔSRIC = − 620; Fig. 6A) and NAGase (ΔSRIN = − 335; Fig. 6C), while
effects in the native rhizosphere were smaller (ΔSRIC = − 137; ΔSRIN = + 38). In contrast, under
fertilization, competition increased SRI for both species (Fig. 6B, D), with the strongest response for
invasive C acquisition (ΔSRIC = + 896; ΔSRIN = + 338) and positive shifts also observed for the native

rhizosphere (ΔSRIC = + 310; ΔSRIN = + 102).

Patterns in ΔTax indicated that these competition-driven shifts in growth-normalized costs were
accompanied by different microbial investment responses between species. Across fertilization
treatments, the native rhizosphere showed consistently positive ΔTax values (ΔTaxC = + 1.38 to + 3.77;
ΔTaxN = + 1.34 to + 1.49), indicating increased per-biomass enzyme investment from solitary to
competitive growth. In the invasive rhizosphere, ΔTax was near zero or negative under no fertilization
(ΔTaxC = − 0.57; ΔTaxN = − 0.27) and remained small but positive under fertilization (ΔTaxC = + 2.22;
ΔTaxN +0.49). Together, Fig. 6 indicates that fertilization shifted competition effects toward higher
growth-normalized enzyme investment costs, while native rhizospheres showed the clearest increase in
biomass-normalized investment under competition. Ecoenzymatic stoichiometry (ln α-glucosidase vs. ln
NAGase) clustered predominantly above the 1:1 line, consistent with relatively greater C-acquisition
potential across samples (Supplementary Fig. S4C). Fertilized and unfertilized treatments overlapped
extensively in this space, indicating no clear fertilization-driven shift in relative allocation between C- and
N-acquiring enzymes.

Across treatments, plant traits indicate how warming, fertilization, and CO₂ alter competitive outcomes,
whereas SRI and ΔTax show how rhizosphere enzyme investment is re-scaled relative to plant growth
and microbial biomass. Notably, these indices showed clear treatment- and context-dependent patterns
even when raw potential enzyme activities and final growth endpoints changed only modestly.
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Discussion
The accelerating pace of global environmental change is fundamentally restructuring plant communities
by altering the balance of competitive interactions between native and invasive species. Invasive plants
often possess a suite of functional traits, including high phenotypic plasticity, rapid resource acquisition,
and superior biomass allocation, that allow them to capitalize on environmental perturbations more
effectively than their native counterparts (Davidson et al., 2011; Pyšek et al., 2020). As atmospheric CO2

concentrations rise and global temperatures shift, these "opportunistic" traits may be further amplified,
potentially expanding the niche breadth of invasive taxa and facilitating their dominance in novel
climates (Hellmann et al., 2008; Sorte et al., 2013). However, the degree to which these species maintain
their advantage depends heavily on the presence of other biotic factors, such as inter-species
competition, which can either constrain or exacerbate the physiological benefits provided by a changing
environment (Bradley et al., 2010; Ziska et al., 2019).

Our results demonstrate that environmental change modulates invasive-native interactions primarily
through its effects on plant physiological performance, and that these shifts depend strongly on
competitive context. Among the drivers tested, elevated CO2 elicited the most pronounced influence on
growth traits, particularly for the invasive C. bonariensis. Under non-competitive conditions, elevated CO₂
was associated with a marked increase in invasive leaf number, whereas under competition this
stimulatory effect persisted but was reduced, indicating that biotic interactions constrained the CO₂
benefit. In contrast, native responses to elevated CO₂ were comparatively modest and more context
dependent: leaf number changed only slightly when plants were grown alone and tended to shift in the
opposite direction under competition, suggesting that CO₂ enrichment alone is unlikely to overturn
competitive hierarchies but can reinforce existing asymmetries when combined with biotic stress. This
aligns with recent findings that elevated CO2 disproportionately increases the biomass of invasive
species compared to natives (Bajwa et al., 2019; Sobuj et al., 2024; Tooth and Leishman, 2014). Notably,
the native CO₂ response was expressed more clearly through leaf expansion in solitary plants, whereas
invasive responses were expressed mainly through leaf production, consistent with the idea that invasive
success can be reinforced via distinct trait pathways rather than uniform increases in all growth metrics.

Warming and fertilization produced more nuanced outcomes, but their effects were again strongly
competition dependent. Under warming, temperature effects were small when plants were grown alone,
yet under competition elevated temperature reduced competitive penalties, increasing invasive leaf
production and relaxing constraints on native leaf expansion (Fig. 1). This pattern aligns with the broader
view that warming can shift competitive balance by altering growth costs and resource capture under
interspecific stress (Dukes and Mooney, 1999; Liu et al., 2017; Sorte et al., 2013). Fertilization (Fig. 3), by
comparison, generated only modest shifts in final growth endpoints, but it tended to buffer invasive
performance under competition (e.g., slightly higher leaf number and diameter in competitive C.
bonariensis), consistent with the fluctuating resource hypothesis that invaders can disproportionately
exploit resource pulses (Davis et al., 2000; Jin et al., 2025). Importantly, fertilization did not produce a
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uniform invasive advantage; instead, it highlighted trait-specific sensitivities that differed from warming.
Under nutrient enrichment, responses were expressed mainly through invasive leaf expansion and
comparatively subtle shifts in native leaf number, whereas warming and CO₂ more consistently aligned
with invasive leaf-number responses and native leaf-diameter responses under specific competitive
contexts. Together, this reversal in trait sensitivity across drivers underscores that plant functional
responses are driver-specific, rather than universally aligned along an invasive–native axis. Nonetheless,
even these subtler responses tended to favor the invasive species, particularly under competition,
consistent with evidence that invaders can disproportionately exploit resource enrichment and climatic
warming (Dukes and Mooney, 1999; Sorte et al., 2013; Liu et al., 2017; Davis et al., 2000; Jin et al., 2025).

Notably, native responses to CO₂ were strongly contingent on competition: while isolated native plants
produced slightly more leaves under elevated CO₂, native plants in competitive pots showed higher leaf
numbers under ambient CO₂. This context-dependent reversal supports the view that CO₂ enrichment
alone is unlikely to overturn competitive hierarchies, but instead interacts with biotic stress in ways that
can reinforce existing asymmetries (Butler et al., 2025).

These plant-level shifts have direct implications for belowground processes, as changes in growth rate,
allocation, and tissue traits are tightly coupled to rhizosphere carbon inputs and microbial functioning.
Accordingly, we examine how these environmentally driven differences in plant performance translate
into alterations in soil microbial activity and functional potential, providing a mechanistic link between
aboveground dominance and ecosystem-level biogeochemical responses. Mechanistically, our results
suggest that invasive–native growth responses under global change are accompanied by shifts in the
efficiency and strategy of rhizosphere nutrient mobilization, and that these shifts depend strongly on
both abiotic context (warming vs. CO₂ enrichment vs. N addition) and biotic context (competition)
(Dijkstra et al., 2013; Pugnaire et al., 2019; Van der Putten et al., 2013). Across experiments, potential
enzyme activities and functional gene abundances (Supplementary Fig. S4A–B) reflect the baseline
functional capacity of the soil microbiome. In contrast, the growth- and biomass-normalized investment
metrics in Figs. 4–6 show how that capacity is expressed in relation to plant performance, by quantifying
changes in coupling between aboveground growth and belowground nutrient-acquisition potential.

Integrating plant traits (Figs. 1–3) with these investment metrics (Figs. 4–6) reveals a consistent
pattern: environmental drivers altered competitive outcomes through trait-specific shifts in growth (leaf
production vs. leaf expansion), and these shifts were accompanied by driver-specific re-scaling of
enzyme “costs” relative to plant demand (SRI = enzyme/RGR) and microbial biomass (Tax; SEA/16S).

Under warming, competitive penalties were reduced aboveground (Fig. 1). Belowground, responses were
expressed mainly as temperature-dependent shifts in growth–enzyme coupling and in the soil legacy
where competition most strongly altered investment costs (Fig. 4). Raw potential enzyme activities
differed strongly by plant legacy and competition treatment, with higher activity in native- and invasive-
conditioned soils than in unplanted controls and generally higher activity under solitary than competitive
growth (Supp. S4A). Thus, warming did not simply increase enzyme activity. Instead, it changed how
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enzyme activity scaled with plant growth (SRI), consistent with studies showing that warming can alter
competitive outcomes and that warming effects on soil enzymes depend on microbial biomass,
enzymatic traits, and resource context rather than temperature alone (Fanin et al., 2022; Kuster et al.,
2016). Because enzyme activities reflect microbial metabolic demand, and specific activities can reveal
changes that bulk measurements may obscure, the stronger warming signal in SRI points to a
reorganization of growth–investment coupling rather than a simple increase in enzyme production
(Caldwell, 2005; Fanin et al., 2022; Lu et al., 2016).

Under elevated CO₂, the clearest aboveground stimulation occurred in the invasive species, which
produced more leaves when grown alone, while under competition, this benefit persisted but was weaker
towards the end of the experiment (Fig. 2). Native responses were more context dependent, with CO₂
mainly promoting leaf expansion in solitary plants and competition reversing that response.
Belowground, competition increased SRI costs under ambient CO₂, especially in the invasive rhizosphere,
but these effects were attenuated under elevated CO₂ (Fig. 5). Because ΔTax values remained small and
enzyme stoichiometry overlapped strongly (Supp. Figure 4C), the main CO₂ effect appeared to be a shift
in how competition translated into growth-normalized microbial investment, rather than a major
reallocation between C- and N-acquiring enzymes. This interpretation is consistent with studies showing
that elevated CO₂ can enhance invasive plant performance more strongly in monoculture than in mixture,
or leave competitive outcomes only weakly changed, while at the same time increasing belowground C
inputs and root exudation that reshape soil/rhizosphere enzyme activity and nutrient cycling in a context-
dependent manner (Dong et al., 2021; Hager et al., 2020; Kelley et al., 2011; Xu et al., 2013).

Fertilization produced comparatively modest changes in plant endpoints (Fig. 3), yet it altered the
direction of competition effects on SRI and revealed contrasting per-biomass investment responses
between species (Fig. 6), illustrating that coupling can shift even when plant traits change only subtle.
Across drivers, ecoenzymatic stoichiometry showed substantial overlap among treatments
(Supplementary Fig. S4C; Supplementary Table 4C), reinforcing the interpretation that the dominant
signal was not a wholesale shift in C vs. N allocation, but rather changes in how enzyme potential is
leveraged relative to growth and biomass. Together, these integrated patterns support a model in which
global change modifies invasion outcomes by reshaping the efficiency of rhizosphere nutrient
acquisition per unit plant performance, and by altering whether competition is expressed mainly through
shifts in biomass-normalized microbial investment (SEA/16S) versus shifts in growth coupling
(enzyme/RGR).

Finally, the gene-based patterns provide an important constraint on interpretation. Increases in nirS
under elevated CO₂ (Supplementary Fig. S4B) suggest that CO₂ enrichment can increase denitrification
potential across soil legacies, even when enzyme responses are legacy-specific. This decoupling
between enzyme and gene responses underscores the need for integrative metrics such as SRI and SEA,
which help distinguish changes in potential capacity (enzyme and gene pools) from changes in
functional coupling between plants and microbes. In this context, control soils showing higher N-
acquisition efficiency (Supplementary Fig. S6; Supplementary Table 4C) may reflect legacy-dependent
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differences in the balance between upstream depolymerization and downstream N-cycling potential,
reinforcing the idea that invasion outcomes depend not only on plant traits, but also on how soil legacies
modulate the microbial pathways that supply nutrients to plants under competition and global change.

Competition-conditioned soils generally exhibited reduced or intermediate enzyme responses across
treatments, indicating constrained microbial nitrogen acquisition under combined biotic and abiotic
stressors. In contrast, α-D-glucosidase activity was largely structured by soil type and showed weak or
non-significant responses to temperature and CO₂, reflecting greater functional stability of carbon-
acquiring enzymes relative to nitrogen-acquiring enzymes across environmental gradients (Henry, 2013;
Sinsabaugh et al., 2009). Collectively, these results demonstrate that plant legacy effects modulate
microbial functional sensitivity to global change drivers, with invasive conditioning selectively enhancing
microbial responsiveness to CO₂ while warming exerts a more universal control across soil types. Such
legacy-dependent responses highlight the potential for invasive plants to reshape belowground nutrient
cycling under future climate scenarios (Bardgett and Wardle, 2010; Elgersma et al., 2011)
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Figure 1

Temporal dynamics of plant growth under temperature and competition treatments. Mean (± SE) leaf
number (A), and leaf diameter (B) were monitored weekly over 35 days for invasive and native plants
grown alone or under competition (Invasive_Compete, Native_Compete) at 27 °C (blue) and 29 °C (red).
Statistical differences between temperatures within each plant type and time point are indicated above
the curves analyzed using t-test (p < 0.05).
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Figure 2

Temporal dynamics of plant growth responses to elevated CO₂ and competition. Mean (± SE) leaf
number (A) and leaf diameter (B) were monitored weekly over 28 days for invasive and native plants
grown alone or under interspecific competition. Plants were exposed to ambient (Low CO₂, Brown) or
elevated CO₂ (High CO₂, Blue) conditions. Statistical differences between CO2 within each plant type and
time point are indicated above the curves analyzed using t-test (p < 0.05).
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Figure 3

Temporal dynamics of plant growth under fertilization and competition. Mean (± SE) leaf number (A) and
leaf diameter (B) were monitored weekly over 35 days for invasive and native plants grown alone or
under competitive conditions (Invasive_Compete, Native_Compete). Plants were grown with fertilization
(green) or without fertilization (orange). Statistical differences between fertilization within each plant
type and time point are indicated above the curves analyzed using t-test (p < 0.05).
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Figure 4

Competition effects on microbial enzyme-investment traits for Carbon based on α-D-glucosidase activity
(A, B) and Nitrogen based on β-1,4-N-acetylglucosaminidase (NAGase) activity (C, D) acquisition across
temperature treatments. The Specific Rhizosphere Index (SRI) values are plotted for Alone vs
Competition conditions for Native (blue) and Invasive (red) treatments; points are treatment means
connected within species, with error bars (95% CI). Text annotations quantify the within-species shift
between solitary (Alone) and competitive conditions: ΔSRI, defined as the slope between the Alone and
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Competition means after converting enzyme activity to a growth-normalized investment cost (enzyme
activity divided by relative growth rate, RGR), and ΔTax, defined as the change in biomass-normalized
enzyme investment (Specific Enzyme Activity, SEA), calculated as enzyme activity normalized by
microbial biomass (16S rRNA gene copy number).

Figure 5

Competition effects on microbial enzyme-investment traits under CO₂ treatments. SRI is plotted for
Alone vs Competition for Native (blue) and Invasive (red). SRI and ΔTax are shown for C acquisition (α-D-
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glucosidase; A, B) and N acquisition (NAGase; C, D) under ambient (Low CO₂) and elevated (High CO₂)
conditions. Points are treatment means (±95% CI) for Alone vs. Competition within each soil legacy
(native- vs invasive-conditioned), connected within legacy; text annotations report ΔSRI (slope between
Alone and Competition means for EEA/RGR) and ΔTax (change in SEA/16S between Alone and
Competition).

Figure 6
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Competition effects on microbial enzyme-investment traits under fertilization treatments. SRI is plotted
for Alone vs Competition for Native (blue) and Invasive (red). SRI and ΔTax are shown for C acquisition
(α-D-glucosidase; A, B) and N acquisition (NAGase; C, D) under no fertilization and fertilization (NH₄NO₃
addition). Points are treatment means (±95% CI) for Alone vs Competition within each soil legacy (native-
vs invasive-conditioned), connected within legacy; text annotations report ΔSRI (EEA/RGR slope) and
ΔTax (SEA/16S change) from Alone to Competition.
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