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Abstract

Several different hypotheses account for the success of introduced species in new environments. Experimental studies show a
negative native-exotic richness relationship (NERR), while observational studies suggest that this relationship is usually posi-
tive. Increased resource availability and environmental variation can also enable introduced species to establish in new environ-
ments. We conducted an observational study in a semi-arid grassland in the Thompson-Nicola District of British Columbia to
examine the biotic and abiotic factors that account for variation in introduced and native species richness.

In each of 12 sites, an 8£ 8 m area was set up, containing 64, 1-m2 plots. We identified and categorized plant species in each
site into introduced and native species. We tested the relationship between introduced species richness and native species rich-
ness at the 1-m2 sampling grain and at sampling grains up to 64 m2. We also analysed the relationship between native and intro-
duced species, and within-plot biomass, and between native and introduced species and variation in biomass. For a
representative subset of four sites, we tested the relationship between introduced and native species richness and nitrogen, phos-
phorus and potassium.

We found no NERR at the 1 m2 sampling grain, nor for the other sampling grains up to 64 m2. Introduced species richness
increased with phosphorus and nitrogen availability, and was also positively related to biomass heterogeneity.

Our results indicate that introduced species richness in these grasslands is likely influenced by phosphorus and nitrogen, and
by variation in vegetation biomass, but not by native species. More non-native plants are likely to occupy nutrient-rich plots
compared to nutrient-poor plots in these grasslands. Variation in biomass can leave gaps for the establishment of introduced
species. These results should inform management considerations for the control of invasive species to optimize preservation of
grasslands.
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Introduction

Introduced or exotic plant invasions continue to be a
widespread ecological issue due to their effects on native
diversity, soil nutrient cycling, and community structure
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among others (Bradley et al., 2019; David et al., 2017).
Across many ecosystems, the factors that enable exotic
plants to establish in a new environment can be biotic, i.e.,
due to the characteristics of the plant community in the new
area, or abiotic, i.e., due to climatic, geological, or edaphic
factors (Blumenthal, Mitchell, Py�sek, & Jaro�sík, 2009;
Prather, Castillioni, Welti, Kaspari, & Souza, 2020). In pre-
served semi-arid grasslands with low disturbance, the factors
that can affect the distribution of introduced plants have
been rarely studied.

The biotic resistance hypothesis predicts that higher
native diversity will lead to lower site invasibility, because
available resources will be consumed by the native species,
leading to more intense competition (Elton, 1958;
Souza, Bunn, Simberloff, Lawton, & Sanders, 2011). Biotic
resistance is said to work through complementarity, in which
resources are used more exhaustively by a greater number of
species leaving few open niches for invaders
(Byun, de Blois, & Brisson, 2013; Fargione & Til-
man, 2005). Another proposed mechanism is due to selec-
tion, such that the most dominant competitors are more
likely to be present in more diverse species assemblages,
and are able to resist the invader (Jones, Ramoneda, Rivett,
& Bell, 2017). In both mechanisms, native species acquire a
greater proportion of the resource, leaving few resources for
incoming species. Studies of the native exotic richness rela-
tionship (NERR) at small scales (<10 m2), generally support
these predictions (Callaway, Montesinos, Williams, &
Maron, 2013; Kettenring, Whigham, Hazelton, Gallagher, &
Weiner, 2015), while studies over broad scales (>1 km2)
find a positive relationship between native and exotic spe-
cies richness (Chen, Qian, Spyreas, & Crossland, 2010). At
smaller scales, species are more likely to interact with one
another such that incoming exotic species can be limited by
existing native species, while at larger scales, environmental
conditions may dictate the establishment and success of
both native and exotic species (Fridley et al., 2007;
Levine, Adler, & Yelenik, 2004). However, in a meta-analy-
sis, Peng, Kinlock, Gurevitch, and Peng (2019) showed that
the relationship between native and exotic species richness
was positive across all scales in observational studies, while
experimental studies showed a negative native-exotic rich-
ness relationship.

Another hypothesis used to explain the success of intro-
duced species is the resource availability hypothesis
(Blumenthal et al., 2009; Davis, Grime, & Thompson,
2000). Ecosystems with high nutrient availability have been
shown to accumulate more invasive species compared to
those with low nutrient availability (Funk, 2013). Addition-
ally, low nutrient ecosystems can transition from having a
low proportion of invaders to a high proportion when
nutrients are introduced, indicating the likely effects of
anthropogenic nutrient deposition (Huenneke, Hamburg,
Koide, Mooney, & Vitousek, 1990). Abiotic influences on
invasions have been observed under low and high resource
environments (Funk & Vitousek, 2007; Huenneke et al.,
1990). Increases in nutrients in natural ecosystems can occur
due to fossil fuel burning, nitrogen deposition and agricul-
tural fertilization, and these human activities have continued
to increase nitrogen creation and deposition worldwide
(Li, Hou, Song, Yang, & Li, 2017; Matson, Lohse, & Hall,
2002). Soils in many ecosystems continue to accumulate
phosphorus, although it still remains a limiting nutrient in
many ecosystems including grasslands (Elser et al., 2007;
Tilman & Lehman, 2001). One of the environmental issues
that arise from nutrient enrichment is the proliferation of
fast-growing invasive species, able to take advantage of
increased nutrient availability and outcompete native species
(Liu, Yang, & Zhu, 2018; Uddin & Robinson, 2017).

High nitrogen availability commonly leads to reduced
species richness, increased invasive plant richness, and
changes in plant composition in grasslands (Roscher et al.,
2009; Scherer-Lorenzen, Venterink, & Buschmann, 2008).
The rate of nitrogen entry into ecosystems is increasing with
growing atmospheric deposition of nitrogen (Stevens, Dise,
& Gowing, 2009). In Canada, total nitrogen deposition per
year over the past 20 years was between 1.15 �10.51 kg/ha,
although deposition rates are decreasing in most ecozones
(Hember, 2018). In other parts of the world, rates of between
5 and 25 kg/ha/yr have led to decreases in native species
richness, while invasive species increase (Bobbink et al.,
2010; Wragg, 2017). In terrestrial systems, phosphorus has
been shown to be as important as nitrogen in causing native
species losses and reducing species diversity (Elser et al.,
2007). In many ecosystems, a synergistic association occurs
between nitrogen and phosphorus, such that both nutrients
can jointly affect biomass, richness and invasive species
(Harpole et al., 2011). While potassium is relatively under-
studied compared to nitrogen and phosphorus, there are indi-
cations that it can also be limiting (Sardans &
Pe~nuelas, 2015). Studies have linked the success of some
invasive plants to potassium availability (Dassonville et al.,
2008; Sardans et al., 2017).

The response of introduced plants to soil nutrients may
have consequences for ecosystem structure and function.
Higher numbers of introduced species can also affect eco-
system productivity, such that sites with a greater number of
introduced species tend to have greater productivity (Vil�a
et al., 2011; Wilsey & Polley, 2006). One reason for this is
that successful introduced species are able to acquire and
use resources more efficiently than native species, leading to
an increased productivity in areas with high introduced spe-
cies richness (Leishman & Thomson, 2005; Levine et al.,
2003). Maron et al. (2014) in a cross-continental grassland
experiment found that plots seeded with exotics species dis-
played substantially greater biomass than those seeded with
native species from the same species pool. Introduced spe-
cies are also associated with increased vegetation and eco-
system heterogeneity in terrestrial and riparian ecosystems
(Kumar, Stohlgren, & Chong, 2006; Tang et al., 2013).

In this study, we examined the roles of biotic and abiotic
factors in driving introduced species richness in a protected
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semi-arid grassland. First, we examined the relationship
between native and introduced plant species richness for evi-
dence of biotic resistance. This was an observational study,
therefore, based on the results of Peng et al. (2019) in which
mean NERR was not negative, even at smaller grain sizes,
we predicted that at the small grain at which data was col-
lected in this study (1 m2), we would not find a negative
NERR. We then tested the dependence of the relationship
between introduced and native richness on increasing sam-
pling grain across the grassland. Using a subset of sites for
which soil nutrient information was available, we analyzed
the relationship between introduced and native species rich-
ness, and soil nutrients (nitrogen, phosphorus and potas-
sium), predicting a positive relationship between soil
nutrients and introduced (but not native) plant richness. We
examined the relationship between native and introduced
species richness, and total biomass, and between mean
native and introduced species richness per site and standard
deviation and spatial heterogeneity of above ground live and
litter biomass. We expected positive relationships between
introduced richness and biomass due to potentially superior
nutrient acquisition of the introduced plants compared to
native plants, and a positive relationship between introduced
species and biomass heterogeneity.
Materials and methods

Study location

Our study was conducted in the Lac Du Bois Grasslands
Protected Area in the Thompson-Nicola District of British
Columbia. The area is a semi-arid climatic region with hot
and dry summers and cold winters. The average annual daily
temperature for the region is 9.3 °C, the warmest month is
July with average temperature of 21.5 °C, and the coldest is
January with an average temperature of �2.8 °C. The range
of average total precipitation is from 12.4 mm in February
to 37.4 mm in June (Environment Canada, 2014). The grass-
lands in the park can be classified into three vegetation
types: Pseudoroegneria � Artemisia, Pseudoroegneria �
Poa, and Pseudoroegneria � Festuca, which dominate the
lower, middle and upper grasslands, respectively
(van Ryswyk, McLean, & Marchand, 1966). Between May
and September, the lower grasslands have a mean tempera-
ture of 19.3 °C and a total rainfall of 96 mm, while the upper
grasslands have a mean temperature of 15.4 °C and total
rainfall of 145 mm (Schmidt, Fraser, Carlyle, & Bassett,
2012).
Study design

We selected 12 sites (Fig. 1) along an elevation gradient
in the grasslands (see Appendix A: Table A.1). These sites
are part of the HerbDivNet coordinated experiment that
assessed the relationship between species richness and pro-
ductivity (Fraser, Jentsch, & Sternberg, 2014). Each site
measured, 8 £ 8 m, and contained 64, 1-m2 plots. The cor-
ners of each site were marked using four buried 20.3 cm (80)
nails. The locations of all four corners of the sites were
recorded using GPS. Elevation in each site was also
obtained using GPS. We extracted temperature and precipi-
tation data from WorldClim at the 30 s resolution (Fick &
Hijmans, 2017).
Plant and soil sampling

Plant sampling was done in late July and early August
2012. Plant species were identified and above-ground bio-
mass harvested in each of the 1-m2 plots in all 12 sites. Live
biomass and litter were separated in the field and collected.
We then determined if the plants were native or introduced
to British Columbia using E-Flora BC: http://eflora.bc.ca/
(Klinkenberg, 2020). Forage grasses that may have been
intentionally introduced to these grasslands such as Poa pra-
tensis, Medicago sativa and Androygron cristatum were
removed from further analysis. Biomass samples were oven-
dried at 80 °C for 48 h and weighed. In each of the four sites
for which nutrient data were available, each 1 m2 plot was
sampled for soil. After plant sampling was complete, a 10-
cm deep soil core was taken from the center of each plot.
The top layer of organic matter (0�2 cm) was removed
from soil samples in the field. A subsample was sieved to
<355 mm and analyzed for total nitrogen with a CE-440
Elemental Analyzer. Samples sieved to <5 mm were also
sent to the British Columbia Ministry of Environment’s
Analytical Chemistry Laboratory in Victoria, British Colum-
bia, Canada for soil nutrient analysis of potassium and phos-
phorus among other nutrients. Samples were prepared by
very high-pressure (VHP) closed vessel microwave acid
digestion. Sample extractions were done in concentrated
nitric acid (0.2 g soil per 4 ml acid) at 230 °C and ~1500 psi
in a Milestone “Ultrawave” single reaction chamber
digester, then cooled and made up to 15 ml with 10% hydro-
chloric acid and analyzed using a Teledyne/Leeman Labs
“Prodigy” dual view inductively coupled plasma-optical
emission spectrometer (ICP-OES). Multiple sub-samples
were oven-dried at 105 °C to obtain the ‘moisture factor’
used to correct the analysis results to an oven-dry basis.
Data analysis

We used linear models with a Poisson distribution within
the glmmTMB package (Brooks et al., 2017) in R (R Core
Team, 2019) to model the relationship between introduced
species richness and native species richness in the 768 1 m2

plots in our study. We used site as a random factor, and con-
trolled for possible spatial autocorrelation in our model that
may arise from the structure of our data. We used a similar

http://eflora.bc.ca/


Fig. 1. The experimental design and site locations with the Thompson-Nicola Regional District in British Columbia. Panel (A) shows a map
of British Columbia, within the Thompson-Nicola Regional District in green, and the dark dot indicating the Lac Du Bois grasslands. Panel
(B) shows the Lac Du Bois grasslands, with the location of the twelve sites. Blue circles show the four locations from which vegetation and
soil nutrient were sampled. Dark red diamonds show the eight locations from which only vegetation was sampled. Panel (C) shows an
8 £ 8 m site within which 64 1 £ 1 m plots were nested. Site columns were labelled A-H and rows were labelled 1�8. White spaces repre-
sent private property. Map plotted using data from the bcmaps package (Teucher, Hazlitt, & Albers, 2018), which presents spatial data in the
BC Albers projection.
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model to test the relationship between both introduced and
native species richness and above-ground live and litter bio-
mass.

We then examined how the relationship between intro-
duced species richness varied with increasing sampling
grain, from 1 m2 to 64 m2 (after Fraser et al. (2015)). For
each of the 8 grain sizes, we calculated the number of intro-
duced species and the number of native species encountered
in each site, such that each site provided one data point. We
enlarged the quadrats outwards from each of the four differ-
ent corners of each site by 1 m in length and width to
encompass eight progressively larger grain sizes, and thus
constructed four different datasets on introduced and native
species richness for the eight grains. We then built 8 regres-
sion models (one for each grain) to test the relationship
between introduced and native richness. We constructed
three new regression models, using data from a different site
corner and thus orientation. We averaged parameter



Fig. 2. Relationship between mean introduced species richness and abiotic variables in the study sites. Plots show model coefficients of deter-
mination and p values.

Fig. 3. Introduced-native richness relationships in a British Colum-
bia grassland. The black line represents the overall relationship
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estimates and coefficients of determination across the 4 ori-
entations for each grain size.

For each site, we calculated the standard deviation of
above ground live and litter biomass, and tested the relation-
ship between mean introduced and native species richness
and the standard deviation of both biomass measures. We
estimated spatial heterogeneity in each site by constructing
semi-variograms of the spatial structure of above-ground
live and litter biomass. We fit variogram models using a
modified version of the “autofitVariogram” function from
the “automap” package (Hiemstra, 2013), which fits spheri-
cal, exponential, Matern, and Gaussian variogram models,
and selects the model with the lowest sum of squares error.
From the final variogram model, we obtained the nugget
(C0) and the partial sill (C). The nugget represents random
variation, while the partial sill represents the amount of vari-
ation that is due to spatial heterogeneity (Li & Rey-
nolds, 1995). We calculated the spatial heterogeneity
proportion (SHP) as C/(C0+C) (Oliver & Webster, 2014).
We tested the relationship between mean introduced and
native species richness and the SHP of both above ground
live and litter biomass.

From the 12 study sites, we selected four sites for further
analysis. Two of these were low-biomass sites, and had the
lowest elevations, one was a medium-elevation high-bio-
mass site, while one was a medium-biomass, high-elevation
site, thus encompassing the productivity and elevation range
of the study region. Using these four sites for which we
obtained soil nutrient data, we analysed the relationship
between introduced species richness and soil nitrogen, phos-
phorus and potassium, using a three-way interaction model,
with site as a random factor, and controlling for possible
spatial autocorrelation, to examine the influence of the three
nutrients on introduced species richness. Using a similar
model, we tested the relationship between native species
richness and all three soil nutrients.
across all 12 sites. Red lines represent positive within-site relation-
ships, while purple lines represent negative within-site relation-
ships. Bars on the side and top of graph represent the frequency
distribution of introduced species richness and native species rich-
ness respectively. * indicates the only within site significant rela-
tionship. Points show the values of introduced and native species
for each plot within site.
Results

We found a total of 12 introduced potentially problematic
species across all the 12 sites. Eleven of these species were
present in the four sites selected for nutrient analysis. The
most common were Taraxacum officinale and Tragopogon
dubius, which were present in 267 and 230 plots respec-
tively out of the 768 plots (see Appendix A: Table A.2).
Mean introduced species richness was not related to temper-
ature, elevation or precipitation (Fig. 2).

Our study showed an overall non-significant relationship
between native species richness and introduced species rich-
ness across all sites at a sampling grain of 1 m2

(slope = 0.0492, P = 0.411, SE = 0.0599: Fig. 3). The rela-
tionship was not significant within eleven out of the 12 sites
and significantly positive in one site (Fig. 3, see Appendix
A: Table A.3). The nonsignificant relationship between
introduced species richness and native species richness in
these grasslands was consistent from the 1-m2 grain to the



Fig. 4. Relationship between the introduced and native species richness at varying sampling grains, (while maintaining the same extent).
(Numbers 1�64 represent sampling grain in m2). P values are shown for each grain. See Appendix A: Table A.3 for the more information
about model coefficients.
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64-m2 sampling grain, across the same landscape extent
(Fig. 4, see Appendix A: Table A.4). In addition, there was
no relationship between above ground biomass live and litter
biomass and introduced richness (Live biomass:
slope = �0.1494, P = 0.0713, SE = 0.0828; Litter:
slope = �0.0005, P = 0.994, SE = 0.0650) (Figs 5A and C),
but native species richness was negatively related to biomass
(Live biomass: slope = - 0.2037, P < 0.001, SE = 0.0559;
Litter: slope �0.2005, P < 0.001, SE = 0.0476) (Fig. 5B
and D). Introduced species richness increased as the stan-
dard deviation of above-ground live biomass increased
(Fig. 6A), but did not respond to litter standard deviation
(Fig. 6C), while native species was negatively related to
above ground live biomass standard deviation (Fig. 6B), but
was not related to litter standard deviation (Fig. 6D). There
was no relationship between native and introduced species
and spatial heterogeneity of above ground live and litter bio-
mass (See Appendix A: Fig. A.1).

We confirmed that the four sites chosen for soil nutrient
analysis displayed the same relationship between introduced
and native species richness, i.e., not significant
(slope = �0.0013, P = 0.9872, SE = 0.0809). Introduced
species richness was positively related to phosphorus and
nitrogen, but not to potassium (Fig. 7A�C, See Appendix
A: Table A.5). The interaction between nitrogen and phos-
phorus was also significant. To further observe the nature of
this interaction, we split nitrogen into three groups: low
(�3000 mg), medium (>3000 mg and �6000 mg), and high
(>6000 mg). We then tested the relationship between these
nitrogen groups and phosphorus using similar linear regres-
sion models as described above. This revealed that as the
amount of nitrogen in the soil increased, the relationship
between introduced richness and soil phosphorus transi-
tioned from increasing to flat (See Appendix A: Fig. A.2).
Introduced forbs responded positively to nitrogen, while
introduced grasses did not respond to any nutrients (See
Appendix A: Table A.6). We did not detect any relationship
between native species richness and any of the soil nutrients
(Fig. 7D�F, See Appendix A: Table A.5).
Discussion

Introduced plant species richness was associated with
native richness in the Lac Du Bois grasslands of British
Columbia, a topologically diverse semi-arid grassland, in
which gradients in precipitation, elevation and temperature
shape the species distribution and thus many species interac-
tions (Lee, Bradfield, Krzic, Newman, & Cumming, 2014;
McCulloch, 2013). Although we found plants not native to
British Columbia in all of the sites across the grasslands, we
did not find support for a NERR. Rather, we found that rich-
ness of introduced species in this ecosystem was dependent
on nitrogen and phosphorus in the soil, whereas native spe-
cies did not respond to both nutrients. This result suggests
that abiotic factors, particularly soil nutrients, rather than
native species richness, account for the differences in the
distribution of introduced species along the elevation gradi-
ent in this grassland.

Introduced species are expected to benefit from global cli-
mate change, due to their ability to succeed in novel envi-
ronments (Dukes, 2010; Merow, Bois, Allen, Xie, &



Fig. 5. Relationship between introduced species richness and above ground live and litter biomass (A and C respectively), and between native
species richness and above ground live and litter biomass (B and D respectively) in twelve sites (64 plots each) in the Lac Du Bois grasslands.
Plots show slope of models results and 95% confidence intervals. Data points are also shown. See results section for model results. Dashed
lines = non-significant relationships, solid lines= significant relationships.
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Silander, 2017). Surprisingly, we found that precipitation,
temperature and elevation in our study region did not guide
differences in introduced species richness. There is a sub-
stantial elevation gradient in our study region, resulting in a
strong correlation between all three variables (See Appendix
A: Fig. A.3). Introduced species may be equally accessible
to all twelve sites, and they may be sufficiently adaptable to
climatic conditions within the range of the study region.

Our overall result across all twelve sites contrasts with
findings from many different ecosystems that have found a
negative NERR (Byun et al., 2013; Going, Hillerislambers,
& Levine, 2009; Kettenring et al., 2015). There are a few
reasons why there may be no relationship between native
and introduced species. (i) The relationship many not exist
under conditions where competitive interactions are relaxed.
For example, in nutrient-rich grassland prairies, under
intense anthropogenic disturbance such as cultivation and
grazing, competition may be relaxed due to continuous dis-
ruption, and a high diversity of native and introduced spe-
cies can coexist (Perelman, Chaneton, Batista, Burkart, &
Le�on, 2007). Thus, spatial or temporal heterogeneity in the
availability of resources such as light or space may allow
both native and introduced species to coexist. (ii) Aggres-
sively growing invaders with extensive root networks or
invaders that can exist under stress may still establish in the
community despite high native richness (Collins, Jose,
Daneshgar, & Ramsey, 2007). However, our study only
measured species richness, and biotic resistance may extend
to other metrics of native and introduced communities such
as abundance or species diversity.

Several broad-scale analyses suggest that after controlling
for spatial heterogeneity in ecological factors, a negative
relationship between non-native and native richness emerges
(Beaury, Finn, Corbin, Barr, & Bradley, 2020;
Rejm�anek, 2003). None of the ecological factors such as ele-
vation, precipitation and temperature were significantly
related to introduced species richness in these grasslands,
however, none of the twelve 64 m2 sites sampled at a 1 m2

grain, displayed a significant negative relationship, while
only one site displayed a significant positive relationship. A



Fig. 6. Relationship between introduced species richness and the standard deviation of above ground live and litter biomass (A and C respec-
tively), and between native species richness and the standard deviation of above ground live and litter biomass (B and D respectively) in
twelve sites in the Lac Du Bois grasslands. Plots show slope of models results and 95% confidence intervals. Data points are also shown.
Dashed lines = non-significant relationships, solid lines= significant relationships.
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study at the 1 m2 grain, found analogous results in which
most of the NERRs were positive, but nonsignificant
(Stohlgren, Barnett, & Kartesz, 2003). It is also thought that
at the local scale, competitive exclusion by native plants
should be strongest and should lead to exclusion of exotic
species (Belote, Jones, Hood, & Wender, 2008; Shea &
Chesson, 2002). The absence of a NERR may be due to a
dearth of competitive interactions between native and exotic
plants in the community (Cofer, Walck, & Hidayati, 2008).

Beyond the 1 m2 sampling grain, we found a consistently
non-significant relationship between native and introduced
species richness. Many observational studies have reported
a positive relationship, in contrast to the negative relation-
ship documented in small-scale experimental studies. This
contradictory result has been called the invasion paradox
(Fridley et al., 2007; Peng et al., 2019) and has been ascribed
to factors such as variation in study design and study sys-
tems (Tomasetto, Duncan, & Hulme, 2019), favourable
environmental conditions for both invasive and native
plants, or heterogeneity in abiotic factors, such that extrinsic
factors that favour native species should also promote intro-
duced species (Peng et al., 2019; Shea & Chesson, 2002). In
our study, the lack of influence of sampling grain may be
related to our finding that broad scale factors such as precipi-
tation, elevation or temperature did not vary with introduced
species richness. Peng et al. (2019) in a meta-analysis, found
no evidence of an invasion paradox, with a positive relation-
ship between NERR and grain size, but considerable hetero-
geneity in NERR at grains below around 100 m2. The
largest sampling grain in our study was 64 m2, and several
studies have reported similar insignificant results at even
smaller scales, at 0.01 m2 (Brown & Peet, 2003) or 1 m2

(Stohlgren et al., 2003).
Introduced species richness increased with phosphorus

and nitrogen, with significant interaction between nitrogen
and phosphorus, while native species did not respond to any
nutrient. Introduced forbs, particularly responded to phos-
phorus while introduced grasses were unaffected by any
nutrient. These results are consistent with a number of stud-
ies reporting higher exotic richness, in naturally or artifi-
cially enriched high-nutrient soils (Leishman, Thomson, &
Cooke, 2010; Ostertag & Verville, 2002). Soil nitrogen can
increase the density and biomass of introduced species to
the detriment of native plants (Brooks, 2003), and may even
alter competitive interactions to the advantage of introduced
plants (Liu et al., 2018). Previous studies have also reported
increased phosphorus availability in invaded soils suggest-
ing that invasive plants may have an increased phosphorus
utilization efficiency compared to native plants (Muth &
Pigliucci, 2007; Zhang, Zhang, Wang, Zou, & Siemann,
2013). The interaction effect suggests possible colimitation
on introduced plants between nitrogen and phosphorus in



Fig. 7. Relationship between introduced species richness and phosphorus, nitrogen and potassium (A - C), and between native species rich-
ness and phosphorus, nitrogen and potassium (D - F) in four selected sites. Blue lines in plots show slope of models results and the light blue
band represents the 95% confidence intervals. Rugs at the base of plots show data points for each nutrient. Dashed lines = non-significant rela-
tionships, solid lines= significant relationships. See results section for the more information about model coefficients.
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this ecosystem (Harpole et al., 2011; Niinemets &
Kull, 2005). Low levels of both nitrogen and phosphorus
limit introduced species richness, as is evident from the E1
site (See Appendix A: Table A.7, Fig. A.4), while intro-
duced species can increase in response to soil phosphorus at
low nitrogen levels. While we did not measure the fraction
of soil nutrients available to the plants in this study, that
native species did not respond to total soil nutrients strength-
ens our finding that introduced species are likely to better
exploit an increase in soil nutrients.

Introduced species can differ from native species in traits
that allow them respond to resource availability or changes
in environmental conditions, such that ecosystems with
higher numbers of introduced species exhibit higher above-
ground productivity compared to the native communities in
the same region (Maron et al., 2014; McLeod et al., 2016).
We did not find any relationship between introduced species
and above-ground live and litter biomass in this study, but
native species richness was negatively related to above-
ground live biomass and litter. The biomass measurements
incorporate both native and introduced species, therefore it
is difficult to tease apart cause and effect. However, it is
possible, that higher litter biomass can impede the establish-
ment of native species by forming a mechanical barrier
between seed and soil (Xiong & Nilsson, 1999), while hav-
ing no effects on introduced species. An experimental study
by Sonkoly et al. (2020) found that litter did not affect ger-
mination of Bromus tectorum and Bromus inermis. It should
be noted that Bromus tectorum and a congener Bromus
squarrosus are prominent introduced species in our study
region. The response of introduced seeds to litter may also
depend on seed size (Sonkoly et al., 2020). Taken together,
the results suggest that in high productivity plots, introduced
species comprise a greater proportion of above-ground live
and litter biomass compared to low productivity plots.

We also found that higher within-plot variation in above
ground biomass favoured introduced species establishment
to the detriment of native species. Introduced communities
are typically associated higher environmental or resource
variability, as introduced species are better able to profit
from phases of high resource availability compared to
natives (Parepa, Fischer, & Bossdorf, 2013; Tang et al.,
2013). Heterogeneity in the distribution of above ground
live biomass may allow for more gaps in the vegetation that



M. Akin-Fajiye et al. / Basic and Applied Ecology 53 (2021) 62�73 71
can be exploited by introduced species. There was however
no spatial component to the response of introduced species
to biomass, as indicated by the lack of relationship between
introduced richness and SHP.

Clearly, these findings are based on an observational
study, and there may be other confounding factors that are
unmeasured. Our results demonstrate the likely importance
that nitrogen and phosphorus deposition can have on inva-
sive plants in this ecosystem. Recent analyses have docu-
mented decreases in nitrogen deposition in Canada
(Hember, 2018), but significant phosphorus accumulation in
Canadian soils, particularly in areas with high livestock den-
sity (Reid & Schneider, 2019). Management of invasive spe-
cies in this grassland should consider measures to control
influx of soil nutrients to maintain the low numbers of exotic
species.
Conclusions

1. Introduction and establishment of exotic species in this
grassland is not related to native species at different
scales.

2. Areas with higher phosphorus and nitrogen will support
a higher number of introduced species, indicating that
invasive plants are likely to establish in areas with high
nutrient availability.

3. Increases in introduced species is related to higher above
ground biomass heterogeneity, and a higher proportion
of introduced species related to total species is related to
higher above ground biomass.
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