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Abstract

Elevated atmospheric CO, concentration increases the performance of invasive plants relative to natives when grown in
monoculture, but it is unclear how that will affect the relative competitive abilities per se of invasive and native grasses
grown together. We tested competitive outcomes for four native and four invasive perennial C3 and C4 grasses under ambient
(390 ppm) and elevated (700 or 1000 ppm) CO, concentrations in the greenhouse with non-limiting water and nutrients. We
predicted that elevated CO, would increase the competitive suppression of native grasses by invasive grasses. To test this, we
determined the relative interaction intensity of biomass allocation for natives grown alone vs. those grown in native—invasive
species pairs. We also measured photosynthetic traits that contribute to plant invasiveness and may be affected by elevated
CO, concentrations for species pairs in mixture to determine native—invasive relative performance. We found no effect of
CO, for the aboveground biomass and tiller production measures of interaction intensity or for relative performance for most
of the measured photosynthetic traits. In competition, the invaders nearly always outperform natives in biomass and tiller
production, regardless of CO, level. The results suggest that increasing CO, concentration alone has little effect on grass
competitive outcomes under controlled conditions.
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Introduction allow rapid carbon assimilation and use. Indeed, two meta-

analyses involving individual plants or single species grown

The fluctuating resource hypothesis suggests that high
resource availability benefits the growth and fitness of inva-
sive plants over those of non-invasive plants, favouring inva-
sive plants in competitive conditions (Sher and Hyatt 1999;
Davis et al. 2000; Blumenthal 2006). Elevated atmospheric
carbon dioxide concentration (hereafter elevated CO,) is a
source of carbon fertilization for plants and may thus favour
invasive over non-invasive plant species due to traits that
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alone seem to support the idea that elevated CO, increases
the performance of invasive plants more than non-invasive
plants (Sorte et al. 2013; Liu et al. 2017). However, there
are caveats to interpret these analyses. In both analyses,
“performance” is an amalgam of fitness, growth, and physi-
ological trait measurements, and it is likely inappropriate
to combine these very different types of measures because
there is no reason to assume that they respond in the same
way to elevated CO, (Hillebrand and Gurevitch 2016). The
overall effect sizes also combined both plants and arthropods
in one case, and photosynthetic pathways (C3, C4) and plant
growth forms (e.g., woody, forb, grass) in both cases, and
there is also no reason to expect that these disparate groups
respond similarly to elevated CO,. Partitioning these effect
sizes could reveal differential responses of plant functional
groups to elevated CO, (e.g., Wand et al. 1999; Hager et al.
2016a; He et al. 2018), as strong responses in one group
may outweigh smaller, zero, or negative responses in other
groups. Regardless, experimental evidence cautions against
extrapolating from individual responses to community
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responses to elevated CO, because plant—plant interactions
such as competition can affect community outcomes (e.g.,
Ackerly and Bazzaz 1995; Navas 1998; Poorter and Navas
2003; Brooker 2006; Larson et al. 2018). Different species
than would be predicted based on their response to CO, in
isolation may become dominant in a community, as demon-
strated for native plants interacting in (relatively depauper-
ate) experimental communities (Navas 1998). Thus, com-
parisons of individual species responses to elevated CO,
may not be the best predictors of invasion-related competi-
tive outcomes in future climates (Dukes and Mooney 1999;
Larson et al. 2018).

Grasses are often very successful invaders (Linder et al.
2018) and can strongly alter ecosystem processes such as fire
regimes (Linder et al. 2018; Fusco et al. 2019), herbivory
(Linder et al. 2018), carbon cycling and moisture regimes
(Koteen et al. 2011), and growing season phenology (Wilsey
et al. 2018). Differential effects of elevated CO, on the com-
petitive abilities of invasive and non-invasive grasses could
thus accelerate invasion and exacerbate its effects. In con-
trast to studies of species-level responses, however, elevated
CO, is not generally observed to promote invasive grasses in
experimental grassland communities. For example, elevated
CO, did not favour an invasive annual C3 grass in semiarid
mixed-grass prairie (Blumenthal et al. 2016) relative to other
species in the community. It had no effect on invader relative
abundance in experimental pots containing multiple inva-
sive and native grass species (Tooth and Leishman 2014;
Manea and Leishman 2014), and it did not influence the suc-
cess of an invasive grass in a potted mixture of four native
grasses (Manea et al. 2016). However, it may be difficult to
control for confounding effects such as increased water use
efficiency with elevated CO, in the field (Owensby et al.
1993; Blumenthal et al. 2013; Holohan et al. 2019), and it
can be difficult to distinguish effects of elevated CO, from
competition because of pre-existing species differences such
as size and developmental seasonality in natural communi-
ties (Owensby et al. 1993).

Studies we could find that directly examine whether ele-
vated CO, increases the competitive advantage of invasive
vs. native grasses also indicate that it may not favour inva-
sive grasses (Hely and Roxburgh 2005; Manea and Leish-
man 2011; Larson et al. 2018). In two examples, elevated
CO, somewhat alleviated competition for a native perennial
C3 grass competing with an invasive annual C3 grass (Hely
and Roxburgh 2005; Larson et al. 2018). In addition, it had
no overall effect on the relative competitive ability of six
native—invasive perennial C4 grass pairs (data from Manea
and Leishman 2011 reanalysed for grasses only, paired ¢ test
native ambient vs. elevated P =0.48). The small number of
studies and differences in lifespan and photosynthetic path-
ways make it difficult to draw general conclusions about
grass competitive responses to elevated CO,.
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Here, we add to the literature examining CO, effects on
grass competitive interactions by experimentally testing
the effect of elevated CO, on competitive outcomes for co-
occurring invasive and native perennial grasses differing in
invasive status and photosynthetic pathway. Direct measures
of plant competitive ability involve two facets of competi-
tion: the suppressive (or facilitative) effect of neighbouring
competitors on the performance of an individual or species
of interest, and the competitive response performance of
the species of interest in the presence of neighbours (Gold-
berg 1990; Goldberg and Landa 1991). We focused on the
competitive effects of invasive grasses on native grasses and
the competitive responses of the native grasses. We hypoth-
esized that elevated CO, would favour invasive over native
grasses. We predicted that elevated CO,, relative to ambi-
ent conditions, would increase the competitive suppression
of native grasses by invasive grasses, with a smaller effect
on C3 than C4 natives due to a carbon fertilization effect.
Additionally, we predicted that competitive outcomes would
be related to differences in morphological and physiological
traits associated with invasiveness that may also respond to
changes in atmospheric CO, concentration, including bio-
mass allocation to leaves, photosynthetic rate, and leaf area
per unit leaf mass (specific leaf area) (Dukes and Mooney
1999; Pritchard et al. 1999; Urban 2003; PySek and Rich-
ardson 2007; van Kleunen et al. 2010; Ordonez et al. 2010;
Manea and Leishman 2011; Dusenge et al. 2019).

Methods

The experiment was conducted in the E. C. Bovey green-
house at the University of Guelph, Canada, in nine
CO,-controlled plexiglass closed-top chambers arranged
in a 3x3 grid. Growth chambers were constructed and
operated according to the description of Grodzinski et al.
(1999). Each chamber received one of three CO, concentra-
tions within the range of projected increases by 2100 (IPCC
2013): ambient (390 ppm) or elevated (700 or 1000 ppm).
CO, concentrations, relative humidity (~40%), and tem-
perature (23 °C) were maintained by an Argus Greenhouse
Control System (Argus, Surrey, Canada). The nine chambers
were arranged in three blocks according to a light gradient in
the greenhouse, with one chamber of each CO, concentra-
tion per block. Metal halide lights (approximately 150 pmol/
m? s) supplied supplementary lighting when natural light
was < 600 pmol/m? s on a 16:8 h light/dark cycle.

We used four (two C3, two C4) native-noninvasive and
four (two C3, two C4) introduced-invasive grass species for
the experiment (Table 1). All species distributions overlap
in large areas of North America, although Cenchrus ciliaris
currently tends to occur more southerly (US Department of
Agriculture Plants Database https://plants.usda.gov). Grass
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Table 1 List of grass species studied and abbreviations, photosynthetic characteristics, subfamily, invasiveness, and seed sources

Abbrev Species name Common name Subfamily (tribe)* Origin  Seed source
C3 photosynthesis
EV Elymus virginicus Virginia wild rye  Pooideae Native  Wildflower Farm, Ontario
KM  Koeleria macrantha  Junegrass Pooideae Native  Wildflower Farm, Ontario
BI Bromus inermis Smooth brome Pooideae Invasive Collected: Wellington County, Ontario
PA Phalaris arundinacea Reed canary grass Pooideae Invasive Collected: Wellington County, Ontario
C4 photosynthesis
AG  Andropogon gerardii  Big bluestem Panicoideae (Andropogoneae)® Native — Wildflower Farm, Ontario
PV Panicum virgatum cv. Switchgrass Panicoideae (Paniceae)® Native  Ernst Conservation Seeds, Meadville, Penn-
Cave-in-Rock sylvania
CC Cenchrus ciliaris Buffelgrass Panicoideae (Paniceae)® Invasive Collected: Tucson region, Arizona
MS Miscanthus sinensis ~ Miscanthus Panicoideae (Paniceae)b Invasive Jelitto Perennial Seed, Schwarmstedt, Germany

“Based on GPWG II (2012), except K. macrantha based on Open Tree of Life version 8.0 (tree.opentreeoflife.org)

"NADP-me C4 photosynthetic subtype (Taylor et al. 2010; Sun et al. 2014)

‘NAD-me C4 photosynthetic subtype (Taylor et al. 2010)

seeds were germinated on filter paper in Petri dishes in early
July, and germinants were transferred directly to PVC pots
in the growth chambers to eliminate priority and acclima-
tion effects. Pots were 7.6 cm diameter X 45.7 cm height to
allow space for root growth and contained Sunshine Mix #1
(Canadian Sphagnum peat moss, coarse perlite, and dolo-
mitic limestone; Sun Gro, Agawam, USA). One individual of
each native species was planted into eight pots per chamber:
four of these pots were monocultures and four pots were also
planted with one of the four invasive species. Thus, there
were 16 monoculture pots (four of each native species) and
16 mixture pots (all possible native-invasive pairs) randomly
distributed in each chamber. Invasive species monocultures
could not be planted because of space constraints. Pots were
watered to field capacity as needed (usually every other day),
alternating between deionized water and fertilizer water
(1.25 g/L N—P-K, 20-8-20).

After 12 weeks of growth at the respective CO, concen-
trations, photosynthesis and stomatal conductance were
measured on the uppermost fully expanded leaf of each indi-
vidual in the mixtures. All pots received deionized water
on the morning when photosynthesis was measured. Blocks
were measured on consecutive days because of time and
daylight constraints. Measurements were made between
9:00 a.m. and 4:00 p.m. using a portable infrared gas ana-
lyzer (LI-6400 Portable Photosynthesis System; LI-COR,
Lincoln, Nebraska) under quantum flux of 1600 pmol/m? s
(LI-6400-02B red/blue LED #670) and CO, concentration
set to the same level as the chamber in which the measured
plant was grown, with flow rate of 500 pmol/m? s, block
temperature of 23 °C, and relative humidity of ~35-40%.
The leaf was acclimated in the leaf chamber until read-
ings stabilized (total coefficient of variation < 1%), after
which the automatic data logger was initiated to record one

measurement every 20 s for 2 min, for a total of six meas-
urements per leaf. The leaf chamber was then opened, and
the corresponding leaf portion was marked, excised from
the plant, and measured to calculate its area as a trapezoid.
The segment was then dried to constant mass at 55 °C, and
its weight was used to calculate specific leaf area (SLA;
leaf area/leaf dry mass). Leaf cuticle impressions were taken
from the top (adaxial) and bottom (abaxial) surfaces of the
leaf blade adjacent to the section in the leaf chamber using
clear nail varnish, and the numbers of stomata and epider-
mal cells were counted under a light microscope for three
fields of view and averaged. Photosynthesis and conduct-
ance measurements were recalculated in the LI-COR system
using the measured leaf area and the species’ mean stomatal
ratio, and the set of measurements was averaged for each
leaf.

After 14 weeks of growth, plants were harvested individ-
ually, the numbers of tillers and inflorescences were counted,
and the biomass was separated into inflorescence, leaf,
stem, and root. Roots were washed thoroughly to remove
soil; however, roots of plants grown in mixture could not
be separated into their respective individuals and remained
pooled. All biomass was dried to constant mass at 55 °C
and weighed.

Estimation of plant interactions

We used relative interaction intensity (RII) to examine
competitive outcomes for native grasses and a relative
performance index (RPI) to examine the relative growth
performance of native vs. invasive grasses in mixture. We
examined the effect of competition on native species growth
using RII based on a plant’s performance in mixture (i.e., in
competition) relative to that when grown alone. Each native
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grass individual in mixture was randomly paired with an
individual that was grown alone, and their biomass or tiller
data were used to calculate RII = (performance in mix-
ture — performance alone)/(performance in mixture + per-
formance alone) (Armas et al. 2004). Positive values of RII
indicate facilitation, and negative values indicate competi-
tion. RII was calculated for stem, leaf, and total shoot (leaf,
stem, and reproductive) biomass and number of tillers.

Similarly, we examined the RPI of native and inva-
sive pairs grown in mixture, where RPI = (performance
of native — performance of invasive)/(performance of
native + performance of invasive). Positive values of RPI
indicate that the measured variable was greater for native
individuals than for their invasive competitor, whereas nega-
tive values of RPI indicate the opposite. This measure is
analogous to effect size in providing an index of the differ-
ence between two “treatments” (here, native and invasive)
and accounts for the lack of independence between species
pairs within pots. RPI was calculated for stem biomass, leaf
biomass, total shoot (leaf, stem, and reproductive) biomass,
number of tillers, photosynthesis and conductance rates,
specific leaf area, and stomatal density on the leaf top and
bottom.

Statistical analysis

Data were analysed using split-plot ANOVAs with restricted
maximum likelihood estimation in JMP 13 (SAS Institute,
Cary, NC, USA). The whole-plot factor of CO, was tested
using the adjusted CO, X block error term, and the remain-
ing sub-plot factors were tested using adjusted residual
error. Block was treated as a random effect (Newman et al.
1997). We examined the effects of CO,, native competitive
response, and invasive competitive effect on RII measures;
CO,, native species identity, and neighbouring invasive
species identity on absolute root biomass; and CO,, native

species, and invasive species on RPI measures. All fixed-
effects interactions were included in the analyses. Significant
effects were further examined using post hoc Tukey tests.
Contrasts were used to compare differences between C3 and
C4 species within CO, levels; however, results were often
confounded by species-specific differences within photosyn-
thetic pathway and are reported in Table S1 (see Support-
ing Information). All variables met statistical assumptions
without transformation.

For reproductive output, only three native (Elymus virgin-
icus, Andropogon gerardii, and Panicum virgatum), and one
invasive (Cenchrus ciliaris) species produced inflorescences,
and in some cases, only one individual of a species flowered
in a given CO, level. Therefore, we lacked the replicates
necessary for full statistical comparisons of RII and RPI. For
the three native species, we used generalized linear models
in JMP 13 (SAS Institute, Cary, North Carolina, USA) to
examine selected effects where replicates allowed. Best-fit-
ting models were determined using the AICc and a measure
of overdispersion (Pearson Chi-square/degrees of freedom),
and the results are reported in Fig. S2 (see Supporting Infor-
mation). Our curated raw experimental data are archived at
Scholar’s Portal Dataverse (Hager et al. 2020).

Results
Relative interaction intensity

There were no significant effects of CO, or its interactions
on aboveground RII measures (see Table 2 for all test statis-
tics, degrees of freedom, and significance values). However,
there were significant effects of native response and invasive
effect on RII for stem, leaf, and total shoot biomass and
number of tillers (Table 2). The productivity of all native
species was suppressed by invasive competitors (RII <0).

Table 2 Statistical results for four measures of relative interaction intensity (RII), a measure of a native species’ performance in competition

with an invasive species relative to that in monoculture

RII response variable  Effect

CO, Nativeresponse Invasive effect CO,Xxnative CO,Xxinvasive Nativexinvasive CO,Xnative Xinva-
sive
Stem biomass 134 9.13 39.2 1.28 0.45 1.44 0.94
036  <0.0001 <0.0001 0.27 0.85 0.18 0.54
Leaf biomass 033 731 30.3 1.51 0.49 1.80 0.72
0.74  0.0002 <0.0001 0.18 0.81 0.08 0.78
Aboveground (total 0.25 10.0 34.3 1.28 0.58 1.70 0.90
shoot) biomass 0.79  <0.0001 <0.0001 0.27 0.75 0.10 0.58
Number of tillers 0.17 529 149 1.70 0.81 0.46 0.51
0.85  0.002 <0.0001 0.13 0.56 0.90 0.95

Degrees of freedom 2,4 3,90 3,90 6,90 6, 90 9,90 18,90

Numbers are F values (upper) and P values (lower)
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Native C4 species were consistently poorer response com-
petitors than native C3 species for all aboveground measures
of biomass (Fig. 1a; see Fig. S3 in Supporting Information
for stem and leaf biomass). In contrast, the tiller production
RII response of C3 Koeleria macrantha and C4 Panicum
virgatum to invasive competitors was poorer than that of C4
A. gerardii (Fig. 1b). All invasive species had suppressive
effects on their native competitors except for C4 Miscanthus
sinensis, which had little effect on native aboveground bio-
mass and tiller production (Fig. Ic, d).

Root biomass

There was a significant main effect of CO, and two-way
interaction of CO, X invasive neighbour on absolute total
root biomass (Table 3). Root biomass increased significantly
with increasing CO, (main effect, figure not shown), and the
effect of CO, depended on the neighbouring invasive species
identity (Fig. 2a). Root biomass was significantly greater in
mixtures with C4 C. ciliaris than when native species grew
alone at all CO, levels, with other mixtures intermediate
(Fig. 2a). Only the root biomass of natives grown alone did
not increase with increasing CO, (Fig. 2a). There were also
significant effects of native species, neighbouring invasive
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Table 3 Effects of CO,, native species, neighbour invasive species,
and their interactions on total root biomass

Source daf F P

CO, 2,53 8.55 0.02
Native species 3,222 13.23 <0.0001
Neighbour invasive species 4,222 91.55 <0.0001
CO, xnative 6,222 0.66 0.68
CO, x neighbour 8,222 2.78 0.006
Native X neighbour 12,222 3.41 0.0001
CO, x native X neighbour 24,222 1.12 0.33

species, and their two-way interaction on total root biomass
(Table 3). Within native species, root biomass was signifi-
cantly greater in pots with C. ciliaris than for natives alone
(all species) and natives with C4 M. sinensis (except C3 E.
virginicus; Fig. 2b). Overall, root biomass was significantly
greater for C4 than C3 native species pairs, with the excep-
tion of mixtures grown with M. sinensis, which were only
greater than natives grown alone (not shown).

Relative performance index
Aboveground biomass and tiller production

There were no significant effects of CO, or its interactions
on RPI for any aboveground growth measure, indicating that
increasing CO, did not alter the mean growth differences
between native and invasive species. However, there were
significant effects of native species, invasive species, and
their interaction on stem, leaf, and total shoot biomass and
number of tillers produced (Table 4). Generally, RPIs were
negative, indicating that native species usually produced
less biomass and fewer tillers than the invasive species with
which they competed (Fig. 3a, b; see Fig. S3 in Supporting
Information for stem and leaf biomass). In a few instances,
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Fig.2 The effect of CO, and a species mixture and b native and
neighbouring invasive species identity on total root biomass (g,
mean =+ SE). Native and invasive species’ roots could not be separated
in mixtures. See Table 1 for species name abbreviations
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Table 4 Statistical results for measures of relative performance index (RPI), a measure of a native species’ performance relative to an invasive

species’ performance when grown in competition

RPI response variable Source

CO, Native species Invasive species CO,xnative CO,Xinvasive NativeXinvasive CO,Xnative Xinva-

sive

Stem biomass 0.13 652 125.5
0.88 <0.0001 <0.0001
Total leaf biomass 0.48 103.7 85.8
0.65 <0.0001 <0.0001
Aboveground (total shoot) 0.12 742 105.0
biomass 0.89 <0.0001 <0.0001
Number of tillers 4.04 156.3 63.2
0.11 <0.0001 <0.0001
Photosynthesis 0.33 8.11 10.4
0.74 <0.001 <0.0001
Conductance 0.78 14.1 25.7
0.52  <0.0001 <0.0001
Specific leaf area 6.33 1.78 0.65
0.06 0.16 0.59
Degrees of freedom 2,4 3,90 3,90
Stomatal density (top) 093 1.89 59.4
046 0.16 <0.0001
Degrees of freedom 2,4 2,90 2,90
Stomatal density (bottom) 1.80 60.0 80.5
0.28 <0.0001 <0.0001
Degrees of freedom 2,4 3,88 3, 88

0.78 0.29 13.1 0.61
0.59 0.94 <0.0001 0.88
0.64 0.66 7.78 0.78
0.70 0.68 <0.0001 0.72
0.63 0.36 9.38 0.65
0.71 0.91 <0.0001 0.85
0.52 1.67 3.72 0.47
0.79 0.14 0.0005 0.96
2.13 0.93 0.87 1.06
0.06 0.48 0.55 0.40
2.05 0.63 0.85 0.80
0.07 0.70 0.57 0.70
2.49 0.42 2.35 1.08
0.03 0.86 0.020 0.39
6, 90 6,90 9,90 18,90
2.89 1.00 1.67 2.09
0.029 0.44 0.14 0.03
4,90 4,90 6,90 12,90
1.72 0.74 0.93 0.79
0.13 0.62 0.50 0.70
6, 88 6, 88 9, 88 18, 88

Numbers are F' values (upper) and P values (lower). Stomatal density (top) excludes Andropogon gerardii because the species lacks stomata on

the adaxial leaf surface

natives performed better than or similar to invasives in mix-
ture, particularly C3 E. virginicus (except for total shoot
biomass compared to C4 C. ciliaris and C3 Phalaris arun-
dinacea). Performance of natives relative to M. sinensis in
mixtures was variable: natives often had similar or greater
biomass and tillers than M. sinensis except for K. macrantha,
which had lower shoot biomass, and A. gerardii, which had
fewer tillers.

Photosynthesis and leaf traits

There were no significant effects of CO, or its interactions
on RPI for photosynthesis or conductance, but there were
significant main effects of native and invasive species iden-
tity (Table 4). Native C3 species had positive RPI for pho-
tosynthesis (Fig. 4a) and conductance rates (see Fig. S3 in
Supporting Information), indicating generally higher photo-
synthetic rates than those of the invasive species with which
they competed. Conversely, native C4 species had some-
what lower photosynthetic rates than their invasive com-
petitor pairs, and the difference between RPI for native C3
and C4 species was significant (Fig. 4a). The photosynthetic
advantage of native C3 species and disadvantage of native
C4 species tended to appear at elevated CO,, as indicated

@ Springer

by the CO, X native species interaction (P < 0.08), which is
slightly below the threshold for statistical significance (Fig.
S4 [see Supporting Information]). Natives had greater pho-
tosynthesis rates than their invasive competitor pairs when
grown with M. sinensis, C. ciliaris, and P. arundinacea, but
lower photosynthesis compared to invasive Bromus inermis
(Fig. 4b). RPIs for conductance rates followed a similar pat-
tern (see Fig. S3 in Supporting Information).

There was a significant effect of CO, X native species
identity and a marginally significant main effect of CO, on
the RPI for SLA (Table 4). There was a trend for native
species except E. virginicus to have higher RPI for SLA at
elevated than at ambient CO,, although most within-species
differences were not significant (Fig. 5a; see Fig. S3 in Sup-
porting Information for CO, main effect). There was also a
significant effect of native X invasive species identity on RPI
for SLA (Table 4). Native—invasive competitor pairs varied
idiosyncratically in SLA, although natives usually had simi-
lar or lower SLA than their invasive competitor (Fig. 5b).

Native A. gerardii was excluded from the analysis of
adaxial (leaf top) stomatal density because it lacks stomata
on the upper leaf surface. There were significant effects of
CO, x native species and CO, X native X invasive species on
RPI for adaxial stomatal density (Table 4). RPI was >0 for
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Fig.5 The effect of CO, and a native identity and b native and inva-
sive species identity on relative performance index (RPI) for specific
leaf area (mean + SE). Different lowercase letters indicate significant
differences within panels based on post hoc Tukey tests (P <0.05);
bars without letters are not significantly different from any of the
combinations indicated. See Table 1 for species name abbreviations

most of the three-way treatment combinations, indicating
that the three native species generally had similar or greater
adaxial stomatal density than their invasive competitor pairs,
but there was no consistent pattern to the differences in RPI
among species pairs or CO, levels (Fig. 6a—c). Only E. vir-
ginicus differed among CO, levels, with generally greater
RPI than its competitor pairs at 1000 than 400 ppm. There
was also a significant effect of invasive species on RPI for
adaxial stomatal density (Table 4), with RPI highest for
native species compared to their C4 M. sinensis competitor
pair, followed by C3 B. inermis, C4 C. ciliaris, and C3 P.
arundinacea.

There were no significant effects of CO, or its interac-
tions on abaxial (leaf underside) stomatal density; only the
main effects of native and invasive species identity were
significant (Table 4). C3 E. virginicus and C4 P. virgatum
had fewer stomata on the abaxial surface than their invasive
competitors, whereas A. gerardii had more stomata (Fig. 6d).
Natives had more abaxial stomata than their C3 B. inermis
invasive competitor pair, and fewer abaxial stomata than
their other competitor pairs (Fig. 6d).

Discussion

We found no indication that elevated CO,, at levels up to
the highest projected to occur by 2100, alters the strength
of aboveground competitive interactions for native C3 and
C4 perennial grass seedlings competing with invasive C3
and C4 perennial grass seedlings under non-limiting water
and soil nutrients. Our results corroborate those of previ-
ous competition-focused experiments that found little or no
advantage of elevated CO, on invasive grass success over
native grasses (Hely and Roxburgh 2005; Manea and Leish-
man 2011; Larson et al. 2018). A similar lack of CO, effect
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on “competition” outcomes (usually measured as relative
abundance or biomass of invasives and natives) has been
found for other functional group comparisons of invaders
and native species mixes from serpentine grassland (Dukes
2002), riparian areas (Bradford et al. 2007), and savanna
(Tooth and Leishman 2014), although the strength of com-
petitive interactions, which requires monoculture treatments,
is often not measured. In contrast, there are examples of
woody invaders preferentially enhanced by elevated CO,
in various ecosystems (Ziska and George 2004). Thus,
although invasive species are generally good competitors,
they do not necessarily benefit from elevated CO, in the
absence of other global change factors (Poorter and Navas
2003).

Elevated CO, can also result in shifts in biomass alloca-
tion to stems, leaves, and roots (Reekie 1996; Dukes 2000;
Urban 2003), and subsequent competition for light can
increase allocation to leaf production (Reynolds 1996). For
example, Reekie (1996) found that tree seedlings shifted
biomass allocation under elevated CO, when grown in
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surface (mean+ SE). For the bottom panels, different lowercase let-
ters indicate significant differences within panels based on post hoc
Tukey tests (P <0.05). See Table 1 for species name abbreviations

competition but not when grown alone. In contrast, He et al.
(2018) found no shift in biomass allocation under elevated
CO, for an invasive forb competing with two congeners.
We found no differences in patterns of stem and leaf com-
petitive response or relative performance with elevated CO,.
Although we could not separate root biomass in mixtures, it
increased in response to elevated CO, whereas root biomass
of natives grown alone did not, suggesting that either only
invasive root biomass responded to elevated CO, or there
was a synergistic response in species mixtures. If the former
is the case, invasive C. ciliaris was by far the greatest con-
tributor to root mass, which may explain its wide success in
arid and semiarid regions (Marshall et al. 2012).

The competitive responses of native grasses to invasives
were species specific, rather than dependent on CO, level.
Similar results have been found previously for six pairs of
competing native and invasive C4 grasses (Manea and Leish-
man 2011) and two native C4 grasses competing with a C3
invasive annual forb (Khan et al. 2015). However, our meas-
ured responses also differed depending on which variable
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was measured (biomass vs. tiller production), as was also
noted by Dukes et al. (2011) for shoot growth vs. biomass
of the invasive forb yellow starthistle (Centaurea solstitialis)
competing with the native annual grass Avena barbata. The
aboveground biomass of the C4 natives was more suppressed
by competition than that of C3 natives, but the response of
tiller production followed a different pattern. It is likely that
species are more constrained in their ability to alter resource
allocation to tiller production than to biomass (e.g., Cheplick
2003; Aspinwall et al. 2017). The two C4 grasses produced
fewer tillers than the C3s (2.5-13 times fewer when alone;
2.3-18 times fewer when in competition), and A. gerardii
produced on average 1-2 tillers and P. virgatum 3-6 tillers,
so they would have little capacity to respond to competi-
tion by decreasing tiller production. It may also be useful to
measure plant height or tiller lengths in future experiments,
particularly when species may be competing for light.

The competitive effects of invasive grass species on
native grasses were also species specific, rather than related
to CO, level. All but M. sinensis had strong suppressive
effects on biomass and smaller effects on tiller numbers.
M. sinensis produced the fewest tillers among the invasive
species (six on average), potentially contributed little to total
root biomass compared to when natives were grown alone,
and had virtually no effect on the native grasses in competi-
tion. Although established Miscanthus spp. populations are
strongly rhizomatous and appear to exclude most other veg-
etation (Quinn et al. 2010; Hager et al. 2015b), M. sinensis
seedling establishment and growth can be limited by light
availability and competition (West et al. 2014; Hager et al.
2015a). Our experiment was designed to minimize priority
effects by beginning with simultaneously germinated seeds.
Given that competitive outcomes can depend on the relative
developmental stages of the co-competitors (Hager 2004;
Wang et al. 2010), results may differ for native seedlings
germinating in established swards of invasive grasses or vice
versa.

It is difficult to determine lifetime plant fitness (e.g.,
Louda and Potvin 1995; Swope and Parker 2010), particu-
larly for clonal plants such as grasses, which could be an
important factor in scaling to community outcomes in the
field. Three of our four native species produced inflores-
cences in mixture during the 14-week experiment, although
fewer individuals flowered than when grown alone. In
contrast, only one of the invasive species flowered, and it
also (potentially) contributed the greatest amounts to root
biomass and produced the greatest total shoot mass (data
not shown) of the four invasive species (C. ciliaris). The
potential for CO,- and competition-induced lifetime fitness
shifts to allow coexistence of native and invasive grasses
might also depend on the ability of seedlings to establish
and grow within existing or disturbed vegetation. These
processes could be examined in future using demographic

models (Williams et al. 2007; Carrara et al. 2015; but see
Aschehoug and Callaway 2015).

Although we cannot exclude the possibility of pot size
effects (volume of 2.1 L) in our experiment, we do not
think the lack of CO, effect was due to serious carbohydrate
sink restrictions (Arp 1991; Poorter et al. 2012; Dusenge
et al. 2019) for several reasons. We found little evidence
of photosynthetic CO, acclimation at 7 and 14 weeks in a
previous experiment that included five of the species tested
here (E. virginicus, A. gerardii, P. virgatum, B. inermis, and
M. sinensis), with time differences only for M. sinensis at
390 and 700 ppm and E. virginicus at 1000 ppm [contrasts
tested using data from Hager et al. (2016a, b)]. In addition,
we provided ample water and nutrient solution to minimize
soil depletion and used white pots to minimize elevation
of root temperatures (Poorter et al. 2012). Although lateral
root space may have been limited, we wanted to ensure
below- and aboveground interaction between the species
pairs, and pots still had uncolonized soil at the bottom at
harvest. Finally, total root biomass increased with elevated
CO, for mixtures, even though it did not for natives grown
alone. Nevertheless, caution should be made in scaling
these results to outcomes in the field, where elevated CO,
influences and interacts with various environmental factors
(Hager and Newman 2019) such as water stress (Blumenthal
et al. 2013; Holohan et al. 2019) and nitrogen limitation
(Brooker 2006; Dieleman et al. 2012), which can alter com-
petitive outcomes.

Certain morphological and physiological traits are highly
correlated with plant invasiveness. For example, invasive
plants are often taller, grow faster, and have higher SLA,
photosynthetic rates, leaf allocation, and water and nutri-
ent use efficiencies than non-invasive plants (PySek and
Richardson 2007; van Kleunen et al. 2010; Ordonez et al.
2010), and many of these traits also respond to changes in
CO,. Howeyver, although the invasive grasses produced more
biomass and tillers than the natives in most comparisons
and had strong suppressive effects (except for M. sinensis),
these patterns were not reflected in invasion-related photo-
synthetic traits. Although photosynthesis and conductance
rates of native grasses were higher than (C3s) or similar to
(C4s) those of their invasive competitors, they did not lead
to greater biomass production for the natives. Only the inva-
sive B. inermis had higher photosynthetic and conductance
rates than the natives. These results suggest that other traits
such as higher early relative growth rate allowing resource
pre-emption (Reynolds 1996; Reichmann et al. 2016), more
efficient use of nutrients (Lambers et al. 1998; Reichmann
et al. 2016), and lower tissue construction costs (Nagel et al.
2004) may have contributed to the invasive success of these
grasses.

The SLA of invasive grasses was generally greater
than or similar to that of natives, which agrees with the
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general pattern observed for invasive species (PySek and
Richardson 2007; van Kleunen et al. 2010; Ordonez et al.
2010). However, there was a trend for the SLA of native
and invasive species to converge with increasing CO,.
Indeed, the marginally significant main effect of CO, for
SLA indicates that the invasive advantage of greater SLA
at ambient CO, disappeared at 1000 ppm CO,. Reichmann
et al. (2016) found that SLA was higher for an invasive C4
grass than for three native C4 grasses but converged as
plants became larger and leaves required more structural
support, which could also have occurred with our grasses.

Finally, stomatal density varies in response to changes
in atmospheric CO, concentration, with decreases in den-
sity and increases in pore size with increasing CO, (Franks
and Beerling 2009; but see Woodward and Kelly 1995;
Tipping and Murray 1999), which decreases conductance,
all else being equal (Franks and Beerling 2009). However,
the proportion of stomata on each leaf surface is highly
constrained by selective pressures (Muir 2015) and leaf
vascular anatomy (Franks and Beerling 2009). We found
that stomatal density was generally greater on the leaf top
and lower on the leaf bottom for the native grasses com-
pared to their invasive competitors, with some exceptions.
One hypothesis for stomatal distribution is that minimizing
stomatal density on the upper leaf surface could reduce the
risk of infection by foliar pathogens (Muir 2015), which
might indicate that invasive plants can minimize interac-
tions with natural enemies via their stomatal distribution
(Hager et al. 2016a). This idea remains to be explored.

Because of space constraints, we were unable to include
monocultures of the invasive species, which would have
allowed us to determine their RII in the presence of the
native grasses. Rather, we chose to maximize the numbers
of grass species investigated. Information on the competi-
tive response of invasives could be useful in determining
the role of photosynthetic pathway in the invasives’ ability
to be successful under competition and provide informa-
tion on the ability of these invasive grasses to establish in
the presence of native competitors. It could also answer
questions about the apparent lack of competitive effect of
M. sinensis seedlings. Future experiments could examine
these questions, as well as interactions with other global
change factors.
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