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abstract: Resource competition theory in plants has focused largely
on resource acquisition traits that are independent of size, such as
traits of individual leaves or roots or proportional allocation to differ-
ent functions. However, plants also differ in maximum potential size,
which could outweigh differences in module-level traits. We used a
community ecosystem model called MONDRIAN to investigate whether
larger size inevitably increases competitive ability and how size in-
teracts with nitrogen supply. Contrary to the conventional wisdom
that bigger is better, we found that invader success and competitive
ability are unimodal functions of maximum potential size, such that
plants that are too large (or too small) are disproportionately sup-
pressed by competition. Optimal size increases with nitrogen supply,
even when plants compete for nitrogen only in a size-symmetric man-
ner, although adding size-asymmetric competition for light does sub-
stantially increase the advantage of larger size at high nitrogen. These
complex interactions of plant size and nitrogen supply lead to strong
nonlinearities such that small differences in nitrogen can result in
large differences in plant invasion success and the influence of com-
petition along productivity gradients.

Keywords: invasive plants, wetland, optimal size, clonal plants,
individual-based model, competitive ability.

Introduction

Nutrient gradients, whether natural or anthropogenic, rep-
resent some of themost important axes of plant biodiversity
and are often associated with substantial differences in com-
munity structure, including species turnover (Cleland and
Harpole 2010), species richness and diversity (Mittelbach
et al. 2001; Bobbink et al. 2010), and success of invasive spe-
cies (Zedler and Kercher 2004). Many of these changes in
community structure are associated with changes in plant
functional traits along nutrient gradients (Fonseca et al. 2000;
Suding et al. 2005; Xia and Wan 2008; Ordoñez et al. 2010;
Gough et al. 2012). Accordingly, theory has addressed how

traits such as height, maximum relative growth rate, alloca-
tion to roots, and many others differentially affect the out-
come of competition along nutrient gradients (Grime 1977;
Tilman 1988, 1990; Dybzinski and Tilman 2007; Farrior
et al. 2013).
Surprisingly, however, we are lacking in comprehensive

theory on perhaps the most fundamental organismal trait—
size—and how it influences competitive dynamics along nu-
trient supply gradients. Because plants have indeterminate
growth and actual sizes of individuals may differ enormously
within a population, we use maximum potential plant mass
(Mmax) as the relevant trait. High values ofMmax have several
potential advantages that may depend on nutrient supply. At
high nutrients, plant species with potentially larger individ-
uals can reachgreaterpopulation-level carryingcapacities (mea-
sured as biomass) than smaller species simply because of
greater potential volume above- and belowground. However,
when availability of a key nutrient is low, limiting net pri-
mary productivity (NPP), the greater potential population-
level biomass of a larger size species may not be realized.
Plant size is also clearly a fundamental component of re-

sponse to resources and resource competition, although
many other traits will influence competitive ability for par-
ticular resources and in particular situations. Nevertheless,
all else equal, larger plants can acquire a larger amount of
resources and therefore are often argued to be better com-
petitors (Grime 1977; Keddy 2001). Consistent with this ar-
gument, larger plants are well demonstrated to have stron-
ger short-term competitive effects on smaller target plants
in both pot and field experiments (Goldberg 1987; Gaudet
and Keddy 1988; Goldberg and Landa 1991; Keddy et al.
2002; Vogt et al. 2010). On the other hand, competitive re-
sponse or the ability to tolerate the presence of competitors
is not always correlated with plant size (Goldberg and Landa
1991; Keddy et al. 1998).
While a short-term competitive advantage of large Mmax

is often apparent, this is not easily translated to the long-
term population dynamic outcome of resource competition
(Freckleton et al. 2009; Martorell and Freckleton 2014).
One key reason is that competitive effects in most experi-
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ments are typically measured on components of fitness for a
small portion of the life cycle and thus do not include demo-
graphic costs that affect population growth rate. Counter-
acting the benefits for individual resource acquisition and
growth, greater Mmax has at least two important potential
demographic costs, both of which may have larger effects
at low than at high nutrient availability. First, because larger
plants require more resources for maintenance, even tem-
porary resource shortages may increase mortality if suffi-
cient resources cannot be stored (Goldberg andNovoplansky
1997). Second, if plants with largerMmax also have concom-
itant larger threshold sizes for reproduction (Tracey and
Aarssen 2011, 2014) or must allocate more of a limiting re-
source to successfully reproduce (Falster et al. 2008), poten-
tially larger taxa may be unable to accumulate sufficient
resources to reproduce where nutrient availability is too low.
In fact, Aarssen (2008) suggests that consequent higher re-
productive efficiency for smaller plants may actually lead to
a population dynamic competitive advantage over larger
plants, although he does not address how this might shift
along nutrient gradients.

Given these and other potential demographic costs, un-
derstanding the consequences of variation in plant size re-
quires investigation of population dynamics, not just indi-
vidual performance. Given the decadal and longer timescales
of population dynamics for most plants, models can pro-
vide a useful tool for this exploration. However, despite the
emphasis on size per se from experimental studies of plant
competition, resource competition theory has focused largely
on resource acquisition traits that can be measured inde-
pendent of size. These include traits at the module level (e.g.,
individual leaves or roots; Smith and Huston 1989; Tilman
1990, Clark et al. 2005) or whole-plant proportional alloca-
tion assuming constant total size (e.g., to leaves, stems, or
roots; Tilman 1988; Farrior et al. 2013). Themain exception
to this general focus on size-independent traits in plant
competition theory is the use of maximum potential height
as an indicator of competitive ability for light (Givnish 1982;
Smith and Huston 1989; Westoby et al. 2002). While height
and maximummass are likely positively correlated in prac-
tice, modeling only height and light depletion cannot ad-
dress the role of size in competition for nutrients and there-
fore how competitive dynamics change among environments
that differ in nutrients.

In this study, we begin to address the lack of population
dynamic theory on the role of size in competition among
plants and how this depends on nutrient supply. We used
a simulationmodel to ask two questions. First, do potentially
larger plants always have a competitive advantage in long-
term community dynamics as suggested by the conceptual
frameworks and the experiments reviewed above? Given
the potential costs of large size as well as its advantages,
an alternative hypothesis is that competitive ability is a

unimodal function of plant size within any environment
(i.e., an optimal size exists). Second, how does the effect
of size on competitive dynamics change with nutrient avail-
ability and the mode of competition? Are larger plants bet-
ter competitors only at high nutrients, when light is limiting
and therefore competition is size asymmetric, or is there a
size advantage even when there is only size-symmetric com-
petition, as is often expected for nutrients?
Answers to these questions could have important impli-

cations for community ecology, including which traits lead
to competitive dominance in different environments and
the role of competition for different resources and overall
at low versus high productivity in community assembly,
issues that have long been highly controversial in plant ecol-
ogy (Grime 1977; Tilman 1988; Smith and Huston 1989;
Goldberg 1990; Grace 1990; Rees 2013). Because we assess
the effect of plant size on community dynamics by compar-
ing success of plants grown alone versus invading a steady
state community, answers to these questions also havemore
practical implications for the traits of successful invaders
and how these are expected to change along eutrophication
gradients (Van Kleunen et al. 2010).
We address these questions using amodel of competition

among clonal plants. Clonal plants dominate almost all pe-
rennial herbaceous communities, including most grasslands,
tundra, and wetlands, yet the community consequences of
clonality and clonal traits are only beginning to be explored
(de Kroon and van Groenendael 1997; Herben and Suzuki
2001; Gough et al. 2002; Sosnova 2010; Zobel et al. 2010;
Eilts et al. 2011; Gough et al. 2012; Oborny et al. 2012; Wil-
dova et al. 2012; Dickson et al. 2014; Herben and Goldberg
2014). Clonal plants spread horizontally by establishment
of new ramets (vegetatively produced, potentially indepen-
dentmodules) as part of a single genet. For clonal plants, we
define Mmax, maximum potential size, as the maximum ra-
met size rather than the maximum genet size.
We use in silico experiments with a highly parameterized

model of community dynamics rather than real plants to
both isolate the effects of size without other potentially con-
founding traits and examine the long-term consequences to
community dynamics of plant size in ways that would be
impossible in real-time experiments. By using a complex sim-
ulation model parameterized from field data, we can never-
theless provide a realistic context for our results. We report
on results from a community ecosystem model called MON-

DRIAN (Modes Of Nonlinear Dynamics, Resource Interac-
tions, And Nutrient cycling) that integrates population dy-
namics of clonal plants with ecosystem function in wetland
plant communities using richly detailed, highly mechanis-
tic processes and interactions in a spatially explicit model
(Currie et al. 2014; Martina et al. 2016). MONDRIAN follows
in a long tradition of individual-based models in plant ecol-
ogy (e.g., Botkin et al. 1972; Huston and Smith 1987; Smith
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and Huston 1989; Pacala et al. 1996; Herben and Suzuki
2001), although it is unique in its combination of explicit
clonal growth mechanisms, richness of detail of nitrogen
and carbon cycling, and attention to realistic values of a
large number of both plant and environmental parameters.

We parameterized MONDRIAN for coastal marshes of the
Laurentian Great Lakes to examine the interacting role of
plant size and nutrient influx in the success of typical in-
vaders in the region. These include large, clonal exotics such
as Typha angustifolia L., Typha# glauca Godr., Phragmites
australis (Cav.) Trin. ex Steud., and Phalaris arundinacea
L. (Galatowitsch et al. 1999; Zedler and Kercher 2004; Farrer
and Goldberg 2009) as well as native species dominant in
high-nutrient wetlands of the region such as Typha latifolia
L. (Keddy 1990).

To investigate changes in optimal Mmax along nutrient
gradients, we varied Mmax only among simulated invader
phenotypes while keeping all other plant traits constant
across phenotypes, using field or literature-derived data to
increase realism (see table 1 for parameter values and sources).
The MONDRIAN model usesMmax as a species-specific param-
eter, although simulated individuals may or may not attain
this size depending on resource availability and competi-
tion (described further below). Currie et al. (2014) have al-
ready shown that optimal size does indeed increase with ni-
trogen using this model, but that study focused exclusively

on plants invading native vegetation and used an earlier
version of MONDRIAN that did not incorporate light as a po-
tentially limiting factor. In this study, we investigate the
mechanisms behind changes in optimal maximum ramet
mass by manipulating two additional aspects of the com-
petitive environment along a nitrogen gradient. First, we in-
corporate or exclude interspecific competition by examin-
ing success of invaders of different Mmax in the presence
or absence of established resident vegetation. Second, we
incorporate or exclude competition for light while keeping
competition for nitrogen in all scenarios using a more re-
cent version of MONDRIAN (Martina et al. 2016).

Methods

Overview of the MONDRIAN Model

MONDRIAN simulates the growth and reproduction of indi-
vidual clonal ramets in a spatially explicit manner. It includes
spatial ecosystem C and N cycling with detailed attention
to mass balance and C∶N stoichiometries in above- and
belowgroundplant organs, litterfall, decaying litter, and sed-
iment organic matter. It assumes that N or light is the lim-
iting resource and includes vertical translocations of C and
N between individual stems and their associated rhizome
nodes as well as horizontal C and N subsidies from parent

Table 1: MONDRIAN plant-related parameters and data sources

Parameter Valuea

Maximum potential size as mass (Mmax) .169, .535, 1.691, 5.345, 16.914 g
Maximum life span of rhizome nodes 4 years
Maximum relative growth rateb .069 g g21 day21

Proportion of C from photosynthesis allocated belowgroundc .5
Ratio of maximum stem mass ∶ maximum rhizome node mass for an individualc 1∶1
Target C∶N mass ratio for growth of aboveground stemsc 18∶1
Target C∶N mass ratio for growth of rhizome nodesc 50∶1
Proportion of green tissue N resorbed from senescing stemsd .46
First-order decomposition (k) constant for littere .8 year21

Proportion of maximum stem C that must be available for new stem allocationc .1
Maximum angle for directional rhizome growthb 437
Internode distancef 4 cm
Biomass-height functiong (bio p biomass g m22; height in meters) h p .34 bio.529

Light extinction polynomial functionh (bio p biomass g m22) % light p .0004 bio2 2 .1228 bio 1 101.52
Proportion of individual plant height at which light environment is determinedh .75
Standing crop to achieve full shadeh 1,469 g m2

Notes:
a All mass values refer to aboveground dry biomass.
b Wildova et al. (2007).
c D. Goldberg and K. Elgersma, unpublished data; samples collected in Cheboygan Marsh, Cheboygan, MI.
c Sharma et al. (2006).
e Calibrated to establish the approximately correct litter layer mass in native community under oligotrophic conditions.
f Estimates based on typical values observed in Cheboygan Marsh, Cheboygan, MI.
g D. Goldberg and R. Wildova, unpublished data; Typha spp. samples collected in Cheboygan Marsh, Cheboygan, MI.
h Knops and Hager, unpublished data; samples collected from the Cedar Creek Long-Term Ecological Research Site, East Bethel, MN.
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to daughter ramets within each clone. Community dynam-
ics (e.g., coexistence, competitive exclusion, and dominance)
and C and N cycling are emergent features at the plot scale,
arising from individual- to community-level interactions and
feedbacks. At the same time, simulated annual N inputs, cy-
cling, regeneration, and plant uptake of N strongly regulate
plant growth. The model operates on a daily time step. It is
formulated through a set of algorithms in an object-oriented
programming language (Visual Basic .NET). For more infor-
mation about the basic operation of MONDRIAN, see Currie
et al. (2014); the code is provided in the supplementary ma-
terial, available online.1

At the start of each growing season in the model, no liv-
ing aboveground stems are present in the simulated marshes,
but perennial rhizome nodes have overwintered stores of C
and N. Once a rhizome node has a threshold level of C and
N, it establishes an aboveground stem and translocates the
needed C and N aboveground. This newly established ra-
met then exerts a daily demand for N from its rhizome node
based on its current ramet mass, maximum relative growth
rate (RGR), and target C∶N stoichiometry (table 1). Ramet
growth is limited by available N or by light, whichever
results in the lower growth rate. The defined C∶N ratios
in living tissue are targets because they drive uptake de-
mand, but thereafter they are variable on an individual basis
through C and N translocation.

Competition for nitrogen arises mechanistically from ag-
gregate demand for N by the sum of biomass of all individ-
uals of all species in each spatial grid cell relative to supply
and regeneration of N in the grid cell (Currie et al. 2014).
Thus, nutrient competition was modeled as size symmetric
(Weiner and Thomas 1986), although experimental work
has shown that it probably has some size asymmetry in re-
ality (Rajaniemi 2002; Rajaniemi et al. 2003). Competition
for light arises from light depletion by neighboring individ-
uals as a function of their heights and height-specific bio-
mass distributions together with light-depletion effects on
the RGR of each target individual (see Martina et al. 2016
for details). MONDRIAN allows light competition to be included
or not included (i.e., switched off) for an entire model run,
allowing otherwise identical simulations to be directly com-
pared. When light competition is not included, RGR is lim-
ited only by N uptake.

MONDRIAN also includes clonal ramet reproduction over
the course of a growing season and complex translocation
of C and N between parents and daughters within a clone
(no seed reproduction is currently in the model). Individual
ramets (which comprise an aboveground stem and a below-
ground rhizome node and roots) are connected in series,
which snake irregularly (stochastically) through the area

but at present do not branch. In each clone, the newest in-
dividual attempts to expand horizontally throughout the
growing season by establishing a new daughter in a two-
step process. First, the parent must have enough C and N
(a fixed proportion ofMmax) to establish a daughter rhizome
node while retaining a certain amount of mass. Second, the
new rhizome node must accumulate a threshold amount of
C and N (also a fixed proportion ofMmax) to create a stem to
complete the new ramet. It both competes on its own for N
uptake and can receive translocated C and N subsidies from
up to two parents back within the clone. Parents with ade-
quate C or N storage can translocate C, N, or both to the
daughter to help with new ramet establishment. As a result,
C and N can be translocated spatially from a grid cell in
which a parent may dominate N or light uptake into an ad-
jacent cell where a small-size daughter may face competi-
tion. It is important to note that by making the ability to
produce a new rhizome node and stem a fixed proportion
of maximum potential size, phenotypes with larger Mmax

also have larger absolute resource requirements for repro-
duction, generating a trade-off betweenmaximumpotential
size and reproductive success (Tracey and Aarssen 2014).

Model Parameterization and Simulations

We constructed five hypothetical phenotypes that were iden-
tical in all parameters except for Mmax. Parameter values
other than Mmax were selected as averages across typical
coastal marsh species in the Laurentian Great Lakes region,
such as Schoenoplectus spp.,Carex spp., Eleocharis spp., and
Typha spp. Light competition traits are mainly derived from
Typha spp. (table 1). ForMmax we used a series of five discrete
values that ranged over a logarithmic scale from 0.169 to
16.9 g (table 1). The smallest three sizes corresponded well
with the field-measured ramet mass of common native spe-
cies in our study region, Juncus balticus, Schoenoplectus amer-
icanus, and Schoenoplectus acutus, while the largest size cor-
responded well with Typha# glauca, a large-stature clonal
plant that is invasive in many coastal marshes in the Lau-
rentian Great Lakes region, particularly at high nitrogen
levels (Farrer and Goldberg 2009; Tuchman et al. 2009). Res-
ident communities always comprised mixtures of the three
phenotypes with the three smallest values of Mmax, repre-
senting native vegetation of the region.
We analyze results of contrasting simulations, each last-

ing 40 model years, with a fully factorial design of five dif-
ferent invader sizes, presence or absence of an established
resident community, light competition included or not, and
six levels of N inflow. Each of the treatment combinations
was simulated three times with stochastic differences (initial
plant distributions and spatial movements during clonal re-
production). For treatments involving the presence of a pre-
established resident community, the three smallest-size phe-

1. Code that appears in The American Naturalist is provided as a convenience
to the readers. It has not necessarily been tested as part of the peer review.
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notypes were established at intermediate densities of 65 gen-
ets per species introduced in each of four cohorts (in years 1,
3, 5, and 7) randomly distributed throughout the area (model
testing showed that this was a large enough number of genets
that it never limited ramet densities or NPP). Subsequent
growth in ramet densities andNPPwas highly sensitive to nu-
trient inflows, but at a given nutrient level, the native com-
munity was stable in species composition and total NPP
within 15 years. Therefore, invaderswere introduced as fully
grown individual ramets in two cohorts of 15 each, in years
15 and 20, randomly distributed throughout the area.

Each of the 10 experimental communities (five invader
sizes, each alone or with residents) was simulated with light
competition included or not at nine different levels of eco-
system N inflows ranging from 0.86 to 21 g N m22 y21. The
lowest value represents northern Michigan present day rain-
fed N deposition on the wetland surface only—that is, wet
and dry inorganic N deposition plus atmospheric organic
N deposition (Neff et al. 2002; NADP2009). The highest value
is typical of inflows from agricultural regions of the Great
Lakes, although not the highest values observed. The area
simulated was composed of 49 grid cells of 7.5 cm # 7.5 cm
each, for a total extent of 52.5 cm # 52.5 cm. To eliminate
edge effects, the space was constructed as a torus: individu-
als moving off of any edge simply wrapped onto the oppo-
site edge of the space. Data reported are for aboveground
net primary productivity but are referred to as NPP in the
text for simplicity.

Model Sensitivity

Previous MONDRIAN sensitivity analyses (Currie et al. 2014)
suggest that invasion success and total community NPP are
relatively robust to both plant (rhizome C and N require-
ments for clonal reproduction, relative growth rate, C∶N
ratio for above- and belowground tissue, N resorption) and
ecosystem (decay rate of litter and sediment organic matter,
hydrologic flushing of N, rate of detritus export, critical C∶N
ratio of decomposition) parameters.

In this study, we also assessed sensitivity of the results to
the number and size of grid cells relative to the standard of
a 7 # 7 grid of 7.5 # 7.5-cm cells (total area p 0:27 m2).
Using a larger array of grid cells (10 # 10) resulted in de-
creased total NPP, but relative success of different sizes along
the nitrogen gradient, the main focus of this article, did not
change (fig. A1). Using larger grid cells (15 cm # 15 cm)
similarly reduced total NPP and also showed a small in-
crease in the optimal Mmax under any given competitive or
nutrient condition but no qualitative changes from the pat-
terns across competition and nutrient treatments reported
below (fig. A1). Therefore, for computational ease, we re-
tained the smaller grid cell size and number in the simula-
tions reported here. Data underlying all figures are deposited

in the Dryad Digital Repository: http://dx.doi.org/10.5061
/dryad.4n0ff (Goldberg et al. 2017).

Results

Successful invasions generally resulted in a 10–15-year tran-
sition period to a different but generally stable community
composition (Currie et al. 2014). Given this approximate
stability, we used the mean NPP of the population of each
phenotype from 21–25model years after the first attempted
invasion, which we refer to as steady state NPP, as a mea-
sure of population performance for comparison among treat-
ments. The small error bars within each set of three stochas-
tic replicates of model runs illustrate the reproducibility of
these steady states (fig. 1). Data underlying figures 1–3 are
deposited in the Dryad Digital Repository: http://dx.doi.org
/10.5061/dryad.4n0ff (Goldberg et al. 2017).
In 30 of the 36 analyses of size-dependent dynamics un-

der different experimental conditions (different rates of N
supply, presence or absence of residents, light competition
included or not), invader population NPP at steady state
peaked at some intermediate value of maximum potential
mass, resulting in an optimalMmax within the range of sizes
tested (fig. 1). Exceptions occurred in the absence of pre-
established residents at the lowest two N levels, where the
smallest-size invader had the highest NPP, and in the pres-
ence of residents at the two highest N levels, where the largest-
size invaders had the highest NPP when light competition
was included. Because these exceptions occurred at either
end of the N gradient, the lack of an optimal Mmax is likely
due simply to limitations on the range of Mmax tested (e.g.,
see the extended size range in fig. A1B).
In the absence of established residents (i.e., invasion into

bare ground), optimalMmax increased with nitrogen (fig. 1).
At the lowest N levels, steady state NPP declined almost lin-
early with increasing Mmax such that the largest size tested
(16.0 g) could not persist at all (NPP p 0 at steady state).
However, at higher N inflows, the largest-size invader had
only slightly less NPP than the optimal size invader (fig. 1),
indicating that in the absence of established residents, the
disadvantage of large size declines with increasing inflow
of N. Overall, the presence or absence of intraspecific light
competition had relatively little effect on invader perfor-
mance in the absence of established residents, although it
did make a difference between persistence (albeit with low
NPP) and nonpersistence for the largest size tested at low N.
Trends in performance differed dramatically for plants

invading a resident community (fig. 1). Recall that the res-
ident vegetationwas amixture of the three smaller sizes tested,
so the three smallest invader phenotypes tested (0.169, 0.534,
and 1.69 g Mmax) were the same size as at least one of the
residents, while the two larger-size invaders were larger than
any of the residents. The presence of established residents
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Figure 1: Aboveground net primary productivity (ANPP) of invaders as a function of maximum potential mass of an individual ramet
(Mmax) under different levels of nitrogen inflow (indicated in the upper right of each panel; N inflow p 0:9–21 g N m22 year21) and scenarios
of presence (plus sign) or absence (minus sign) of residents and of presence (plus sign) or absence (minus sign) of light competition. Com-
petition for nutrients is present in all scenarios. Data are means and standard errors of three replicate simulations using the mean ANPP of
years 21–25 after introducing invaders into either bare ground (absence) or steady state mixtures (presence) of residents comprising the three
smallest size classes. Note that the scale of the Y-axis differs among panels.
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strongly inhibited invader NPP under most conditions, with
two important exceptions. First, at the low nitrogen end, in-
terspecific competition was inconsequential in invasion for
the largest invaders tested, because they were unable to per-
sist even in the absence of a resident community (fig. 1). The
second exception was for the largest invaders at the high end
of the nitrogen gradient in the presence of light competi-
tion, where they were able to completely dominate and ex-
clude already established vegetation (fig. 2), performing just
as well as they did with residents absent (fig. 1).

In contrast to the competitive advantage of large size at
high nitrogen, at low to intermediate nitrogen, larger invaders
were competitively excluded by residents, while smaller in-
vaders were able to persist (fig. 1) although not dominate
(fig. 2). As a consequence, with interspecific competition from
established residents, smaller-size invaders largely declined
in steady state NPP with increasing N, while larger-size in-
vaders increased in steady state NPP with increasing nitro-
gen (fig. 3C, 3D). This contrasts strongly with the increase
in NPP with nitrogen regardless of invader size in the ab-
sence of competing residents (fig. 3A, 3B).

Optimal size of invaders was typically larger when invad-
ing resident vegetation than when invading bare ground, al-

though the effect was usually relatively small (fig. 1). In-
cluding competition for light as well as nutrients affected
optimal size only at relatively high nitrogen; in fact, these
are the only conditions in which interspecific competition
of any kind had a large effect on optimal size. For the two
highest N levels with light competition, the optimal size ap-
peared to be as large or larger than the largest size tested, a
considerable increase over the optimal size when light com-
petition was not included (fig. 1). Even with successful in-
vasion into established resident communities, invaders of-
ten coexisted with residents in the simulations, exceeding
50% of community biomass only at the two highest nitro-
gen levels and with light competition included (fig. 2).

Discussion

Our simulations reveal three key findings about the role of
plant size in invasion along a nutrient gradient: invader
NPP was generally a unimodal rather than a monotonic
function of plant size, the optimal value of Mmax increased
with nitrogen availability, and optimalMmax increased with
interspecific competition for nutrients (size symmetric) and,
at high N, with size-asymmetric light competition.
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Figure 2: Proportion of total aboveground net primary productivity (ANPP) belonging to invaders of different maximum potential size as a
function of nitrogen inflow under nutrient competition or light plus nutrient competition. Data are means and standard errors of three rep-
licate simulations using the proportion of ANPP of invaders during years 21–25 after introducing invaders into steady state mixtures of
residents comprising the three smallest size classes.
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Costs and Benefits of Large Size

Contrary to the common expectation that large size con-
veys competitive ability across all environments (Grime
2001; Keddy 2001), relationships between Mmax and inva-

sion success were not monotonic. We tested the effects of
a two order of magnitude range of potential plant mass
and found that an intermediate size was optimal under
the majority of simulated conditions. This optimum pre-
sumably represents the balance between the costs and ben-
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efits of large size, which shift with environmental condi-
tions. One major benefit of large size in MONDRIAN is the
ability to take up a larger amount of resources, which can
increase subsequent survival and growth. This is only useful
as long as sufficient resources (nutrients or light) are avail-
able so that individuals can approach this larger size. Larger
size can also have advantages when competing with different-
size individuals; these are discussed below. The chief cost of
large size in MONDRIAN is the higher absolute accumulation
of resources needed for clonal reproduction; we modeled
theminimumCorN required tomake a new ramet as a fixed
proportion of Mmax (10% in the simulations reported here).
This cost of reproduction is reflected in lower population
growth rates for larger species that have a higher absolute
growth rate for individuals and illustrates one important
mechanism for why the outcome of individual-level experi-
ments do not necessarily scale up to population and com-
munity dynamics (Freckleton et al. 2009; Martorell and
Freckleton 2014).

Given the importance of this cost for our results, it is crit-
ical to assess the validity of our assumption that minimum
size for reproduction increases with Mmax. It seems reason-
able for rhizomatous clonal organisms where the maternal
plant has to completely subsidize production of below-
ground rhizomes and rhizomes are typically proportional
in size to the aboveground stems they eventually support.
Nevertheless, empirical data on allocation to new clonal off-
spring are surprisingly scarce. For two relatively small clonal
plant species, we were not able to find a minimum size for
reproduction: the intercept of the allometric relationship
between the mass of nonphotosynthetic daughter ramets and
their parent rhizome mass was zero (E. Batzer, K. Elgersma,
J. Martina, and D. Goldberg, unpublished data). However,
greater statistical power to detect nonzero intercepts within
species as well as a much greater range of maximum plant
sizes across species would be necessary to assess this as-
sumption. The assumption of a minimum size for repro-
duction that increases with size does seem to hold for sexual
reproduction; Tracey and Aarssen (2014) showed that po-
tentially larger plants have larger minimum size require-
ments for reproduction across 35 species of herbaceous plants
in an old field. Given the importance of this potential cost of
large size for understanding the ecology of organism size in
plants, the relationship between minimum reproductive size
and maximum potential size, as well as other potential costs
of large size, is an important area for future research in both
clonal and nonclonal plants.

Optimal Plant Size along Nitrogen Gradients

The optimalMmax strongly depended on nitrogen even when
invading into bare ground. In MONDRIAN, a node producing a
ramet has amaximum longevity (4 years in these simulations,

following Hogg andWein 1987) but dies earlier if it does not
accumulate enoughC orN over two growing seasons tomake
a stem. When N inflow is low, large stems may simply not be
able to accumulate enough N to make new daughter ramets
before they die, and thus populations cannot persist over time.
Simulations varying the allocation to new ramets support this
interpretation of the disadvantage of large size at low nitrogen:
increasing the threshold size required to make new ramets
results in smaller optimal size and inability of large invaders
to persist even in bare ground across much of the N gradi-
ent (fig. A2). Thus, small Mmax is adaptive in nutrient-poor
systems even in the absence of interspecific competition.
When competing for nutrients only (i.e., in the absence

of light competition), competition with established resi-
dents increased the optimal invader size relative to invading
bare ground. This initially seemed somewhat surprising be-
cause, for simplicity’s sake, wemodeled competition for nu-
trients as a perfectly size-symmetric process (Weiner and
Thomas 1986; Schwinning andWeiner 1998). However, even
a size-symmetric process of competition can lead to a size-
asymmetric outcome of competition when plants of different
sizes compete (Schwinning and Weiner 1998). This point is
not widely recognized but happens because both small and
large plants lose some of their potential resource uptake due
to competition. For a given absolute depletion of a limiting
nutrient by a group of neighbors, the consequent reduction
in growth is disproportionately larger for smaller plants
because the loss is a greater proportion of their potential
growth (Schwinning and Weiner 1998). Thus, potentially
larger plants end up with a competitive advantage at a given
nitrogen level. The increase in optimum size due to inter-
specific competition for nutrients only was relatively small
(one size class at most) and, importantly, was similar in mag-
nitude across the nitrogen loading gradient.
In contrast, consistent with empirical evidence that com-

petition for light tends to be stronger at high nutrients (Wil-
son and Tilman 1991), the inclusion of interspecific light
competition as well as nutrient competition increased opti-
mal size only at high nutrients. In this analysis, we used the
same RGRmax across all species. In reality, across orders of
magnitude in plant size, RGRmax tends to decrease with size
(Niklas and Enquist 2001), which, if it holds within our
smaller range of plant size, would tend to mitigate the pos-
itive feedbacks we observed in large plants at high nutrient
levels.

Implications for Competition Theory

The idea that larger plants are better competitors is perva-
sive in the literature and in fact is a central idea in one of
the major conceptual models of plant community ecology:
Grime’s (1977) CSR theory. When only a narrow range of
sizes is considered, our simulation results for population
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dynamics of different-size plants are indeed consistent with
this idea: the optimal size at a given nitrogen level increases
in the presence of interspecific competition. However, when
a broader range of sizes is compared, it becomes clear that the
competitive benefit of larger size exists only up to an optimal
size; plants larger than the optimum are more suppressed by
residents—that is, are in fact poorer response competitors
than smaller plants, resulting in the unimodal relationship
between invasion success and potential size within a given
environment.

Our results also address long-standing debates about plant
competition along productivity gradients. Grime (1977, 2001)
has argued that the traits of good competitors, including
large size, are independent of environment but that compe-
tition is unimportant at low productivity. In contrast, Til-
man (1988) has argued that competition is an important
process regardless of productivity, although the identity of
the best competitor should switch between low and high
productivity. More specifically, he predicted a trade-off be-
tween competitive ability for nutrients (key at low produc-
tivity) and for light (key at high productivity). Our results
support elements of both frameworks. Consistent with Til-
man’s predictions, competition was important at both low
and high productivity, as illustrated by the large differences
in invasion success with versus without interspecific com-
petition across the gradient. Also consistent with Tilman,
small plants were more successful invaders at low produc-
tivity, while large competitors were more successful invaders
at high nitrogen. However, this switch in competitive ability
happened even when competition was only for nitrogen,
so it was not due to a trade-off in competitive ability for
light versusnitrogen. Furthermore, across the gradient, opti-
mal size increased with interspecific competition, consistent
with Grime’s notion that larger plants are better compet-
itors for all resources. This combination of results that is
partially consistent and partially inconsistent with both
frameworks is explained by a trade-off not present in either
framework between maximum potential size, which is re-
lated to individual-level competitive ability for all resources,
and ability to reproduce. Such a trade-off, where the cost is
mainly in reproduction, will affect competitive ability only
at the population level (i.e., when reproductive capacity in-
fluences competitive success). Thus, it would not be apparent
in the individual-level experiments typically used to address
the Grime-Tilman debates about the magnitude and nature
of competitive ability (Goldberg 1990; Grace 1990; Goldberg
et al. 1999).

Aarssen (2008) similarly argues for what he refers to as
the reproductive efficiency hypothesis: small plants should
have a competitive advantage because they can reproduce at
smaller size and thus regenerate despite intense competi-
tion for resources (see also Tracey and Aarssen 2011, 2014;
Aarssen et al. 2014). Our simulation results are consistent

with Aarssen’s conceptual model but also demonstrate that
the reproductive efficiency hypothesis ismost applicable when
nutrient inputs are low, and therefore the higher absolute
costs of reproduction for larger plants are unlikely to be
met.

Implications for Invasion Biology

Our simulation results suggest that both invaders and na-
tives should increase in Mmax along nitrogen gradients and
that successful invaders should be somewhat larger than na-
tive residents at any given nutrient level. Consistent with this
prediction, in a meta-analysis of common garden and field
experiments conducted in the invaded range, Van Kleunen
et al. (2010) found that invasive species tended to be larger
than co-occurring or related native species.
Our results also bear on the role of native vegetation in re-

sisting invasion by exotics. Biotic resistance has been an im-
portant part of thinking about invasions since Elton (1958).
In a meta-analysis, Levine et al. (2004) showed that competi-
tion from natives often plays a significant role in suppressing
rates of spread of potential invaders in plant communities.
While data are limited for the role of biotic resistance in com-
pletely excluding invaders (i.e., failed invasions), our simula-
tion results highlight its potential importance, even when the
invaders are highly successful growing in bare ground.
We also find strong effects of residents in suppressing

productivity, even of successful and optimally sized invad-
ers. Across most of the nitrogen gradient and for all but
extremely large invaders, coexistence with natives is the
norm in our simulations rather than dominance by the in-
vader. This strong biotic resistance supports the idea that
disturbance may be key in facilitating invasions because it
eliminates resident populations that would inhibit invaders.
Indeed, the large wetland invaders we simulated, such as
Phragmites australis subsp. australis and Typha # glauca
(whose Mmax is comparable to the largest invader we mod-
eled), may be able to establish dense monocultures in coastal
wetlands of the Laurentian Great Lakes only during periods
of low water when newly exposed bare soil is available for
colonization (Tulbure et al. 2007; Wilcox 2012). However,
our results also suggest that such large species can success-
fully invade and dominate even undisturbed native vegeta-
tion where nitrogen inflows are high enough.

Conclusions

Our conclusions about the existence of an optimal maxi-
mum potential size and its increase with interspecific com-
petitive interactions and nitrogen supply come from a com-
plex simulation model designed specifically for herbaceous
clonal plants in wetlands, with no sexual reproduction. We
nevertheless expect the key findings to be broadly applica-
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ble at least to herbaceous plants, most immediately because
clonal plants dominate the herbaceous biomes of grasslands,
wetlands, and tundra, which collectively cover ca. 17% of the
global land surface (Bolin and Sukumar 2000). Second, al-
though seedling establishment must be important for main-
tenance of genetic and to some extent species diversity in
ecosystems dominated by clonal plants, it is probably much
less important for patterns of abundance and dominance
because of the sporadic nature of seedling establishment
in these systems (Eriksson 1989). Consistent with this, Her-
ben et al. (2014) found that clonal growth morphology ex-
plained more variation in local abundance than did seed
production across 836 herbaceous species in the Czech Re-
public. More generally, competition is modeled mechanis-
tically in MONDRIAN in a way that should apply to all plants,
regardless of clonality, and as already noted, the assump-
tion of a trade-off between maximum potential size and
minimum reproductive size seems to be valid for sexual re-
production in at least herbaceous plants, regardless of clon-
ality (Tracey and Aarssen 2014).

The results have important implications for competition
theory, showing that plant size has more complex relation-
ships to competitive ability than often assumed, that com-

petition for nutrients can have important effects on com-
munity dynamics even when nutrient supply is high, and
that interspecific competition can generate strong nonlinear-
ities and thresholds in distribution and invasion potential. In
turn, these theoretical conclusions have important manage-
ment implications: in the presence of interspecific competi-
tion, the smallest invaders had a maximum N level above
which they were unsuccessful, while the larger invaders had
a minimum N level below which they were unsuccessful;
these multiple thresholds suggest that small differences in
nitrogen (or in land use that affects nitrogen supply) can
have quite large effects on the risk of invasion.
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Figure A2: Aboveground net primary productivity (ANPP) of invaders as a function of maximum potential mass of an individual ramet
(Mmax) for simulations with different thresholds for resource accumulation before a new ramet of an invader can be produced, ranging from
5% to 30% of maximum potential mass. Results are shown for low nitrogen (A, C) and high nitrogen (B, D) and for invaders introduced into
bare ground (A, B) or into steady state mixtures of residents comprising the three smallest size classes (C, D). Competition for nutrients and
light are present in all scenarios. Data are means and standard errors of three replicate simulations using the mean net primary productivity
of years 21–25 after introducing invaders. Note that the scale of the Y-axis differs between low and high nitrogen panels. Simulations
reported elsewhere in this article all use 10% of maximum potential mass as the threshold accumulation of resources to produce a new ramet.
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