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Received: 09 February 2016 . Limited dispersal distance generates spatial aggregation. Intraspecific interactions are then
Accepted: 09May 2016 : concentrated within clusters, and between-species interactions occur near cluster boundaries. Spread
Published: 28 July 2016 : of alocally dispersing invader can become motion of an interface between the invading and resident
. species, and spatial competition will produce variation in the extent of invasive advance along the
interface. Kinetic roughening theory offers a framework for quantifying the development of these
fluctuations, which may structure the interface as a self-affine fractal, and so induce a series of temporal
and spatial scaling relationships. For most clonal plants, advance should become spatially correlated
along the interface, and width of the interface (where invader and resident compete directly) should
increase as a power function of time. Once roughening equilibrates, interface width and the relative
location of the most advanced invader should each scale with interface length. We tested these
predictions by letting white clover (Trifolium repens) invade ryegrass (Lolium perenne). The spatial
correlation of clover growth developed as anticipated by kinetic roughening theory, and both interface
width and the most advanced invader’s lead scaled with front length. However, the scaling exponents
differed from those predicted by recent simulation studies, likely due to clover’s growth morphology.

In many plant communities, limited dispersal aggregates conspecific individuals'. In particular, most invasive
plants are clonal and propagate vegetatively?, so that invaders initially cluster among residents’. Aggregation
of conspecifics has consequences for population interactions. Individual plants usually compete at the
nearest-neighbor scale*. When different species each aggregate spatially and interact locally, intraspecific com-
petition will predominate within clusters, while interspecific competition will localize at the interface between
clusters®-8. This interaction geometry implies that the advance versus extinction of an invasive species may depend
on development and subsequent movement of a between-species interface®!°.

An invading species’ local density declines from positive equilibrium to rarity across the width of an ecolog-
ical interface!!. As a competitively superior invader excludes the resident species within the interface width, the
front is pushed forward. Dispersal limitation promotes spatially correlated invasive advance along the interface.
These correlations, generated through lateral growth, invite application of the theory of kinetic roughening, a
framework for identifying quantitative characteristics shared by different interface-growth processes'2 Previous
applications of the theory span materials science!?, temporal pattern in parallel-computing'*'®, and ecological
invasion!»'6,

Kinetic roughening theory predicts power-law scaling relationships governing both the development and
the equilibrium statistical structure of an invader-resident interface. Our analyses emphasize scaling of both
the interface width and the relative position of the “front-runner,” the most advanced invader, a metric used
at both local and regional scales!’-'?. Interestingly, the exponents of scaling relationships predicted by kinetic
roughening sometimes identify an interface as a member of a particular universality class. That is, quite distinct
local processes may exhibit the same dependence of interface roughening on time, and the equilibrium width
may exhibit the same dependence on interface length; universality implies powerful generality'®. Previously, we
modeled the front produced when a dispersal limited, but competitively superior, invader advances across a hab-
itat occupied by a resident species'>*. That model’s kinetic roughening belongs to the KPZ universality class, for
Kardar-Parisi-Zhang'2.
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Figure 1. White clover (T. repens, black area) advancing into perennial ryegrass (L. perenne), from
photographs taken during experiment. Interface length L = L, = 16 m. June (left), August (center) and October
(right) 2010 shown. The interface advances, left to right, and roughens; neighboring heights suggest spatial
correlation.

We begin by analyzing spatial competition as a problem for kinetic roughening theory, and then report a field
experiment testing the predictions. We let Dutch white clover (Trifolium repens) advance into plots of perennial
ryegrass (Lolium perenne). We monitored the development of spatial correlations along the fronts, and estimated
a series of power-law scaling relationships from roughened fronts of different lengths. The exponents implied by
the observed scaling allowed us, in addition, to ask if the experimental interface belonged to the KPZ universality
class!>"3,

Local Dispersal and Interface Roughening
A dispersal-limited invader’s population typically begins as one or more clusters of individuals. Although the
invader may have a competitive advantage, some small clusters will disappear due to demographic stochasticity.
But clusters exceeding a critical size will continue to grow and displace the resident?'. After a single cluster attains
sufficient size, or after large clusters coalesce, we can treat the perimeter as a 1-dimensional front that has rough-
ened during advance®?. Some invasions move perpendicularly to a road or shore; they can be treated as initially
linear'®. The dynamics of an ecological interface distinguishes it from an ecotone, since the latter implies a change
in species composition due to abiotic factors that vary slowly relative to the timescale of population growth?>*,

Our analysis treats the invader as competitively superior to the resident. We assume that the ecological inter-
face, once roughening equilibrates, has an anisotropic fractal geometry®. This assumption has quantitative eco-
logical implications; both interface width and the front-runner’s lead should increase as a power function of the
length of the advancing front*®. When we analyze the front-runner’s location, correlated fluctuations along the
interface are important, since traditional extreme-value statistics*>?’, developed for independent random varia-
bles, do not apply?.

Figure 1 shows an interface from our field experiment. The extent of invasive growth along the interface clearly
becomes more variable, i.e. roughens, with time. The plots also suggest correlated advance at nearby locations.

Interface Roughening: Development and Saturation. After defining interface attributes for spatial
competition between species, we describe development of a roughened interface. Then we address scaling rela-
tionships at equilibrium (after roughening “saturates”). Table 1 lists symbols we use.

Discrete (“individual-based”) models capture effects of nonlinearity and stochasticity inherent to a
dispersal-limited invader’s dynamics at an ecological interface?>*. Therefore, we characterize invasion as a lattice
process; our description applies across a variety of individual-based models for growth at an interface?**!. An
L, x L, rectangular lattice represents a habitat occupied by resident and invader species. Each lattice site is either
occupied by the invader, occupied by the resident, or empty. Mortality of either species opens occupied sites. An
empty site becomes occupied through propagation from a nearest-neighboring occupied site. The same dispersal
limitation applies to both invader and resident, precluding a competition-colonization trade-oft that permits
species’ coexistence’?**. Then the invader’s competitive superiority drives interface motion. If invader-resident
competition is preemptive only, the invader has the lower mortality/propagation ratio®. If competition combines
site preemption and interference competition, exclusion of the resident can require that the invader’s propagation
rate be great enough to overcome the combined effect of resident propagation and increased mortality due to
resident interference®.

Suppose that the invader initially occupies a few vertical columns at the left edge of the lattice; all other sites
are occupied by the resident or open. Invasive advance occurs in the x-direction. Importantly, the dispersal con-
straint permits both forward and lateral growth. The former pushes the front, and the latter, at advanced heights,
generates spatial correlation along the front!>!3.

We let L= L,, interface length (hence, front length). At time ¢, h,(¢) is the location of the most advanced
(right-most) invader in row y; y=1, 2, ..., L. The front’s average location is the mean height among rows,
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L, L(=L) Lattice size (L = interface length = front length)
hy(t) Rightmost invader in row y at time ¢

h(t) Mean of h,(t) (the average is taken across all rows y)
Rpas(2) Rightmost invader at time ¢, front-runner

Ao () = hya (t) — h(t) | Distance from front-runner to mean of front

(w?) Mean squared interface width

&(t) Correlation length along interface

t, Crossover time, where w? equilibrates
e Roughness exponent

B Growth exponent

z Dynamic exponent

pi(h) Mean invader density at height h(t)

Table 1. Definitions of variables.

Figure 2. Schematic plot of the width (w) and the extreme advance (A,,,,,) relative to the mean front
position (h) in a rough front. For illustration, correlation length ¢ is also indicated. Dark: invader, medium:
resident, and white: open.

h(t) = Zy hy(t)/L. We take longitudinal system size L, as sufficiently large that it does not affect population
processes.
We define the width of the interface via roughness:

WAL, 1) = lzLj[hy(t) ~Rf
Ly=l (1)

Roughness w?(L, t) itself varies stochastically, and we represent its expectation (averaged over realizations of

intrinsic noise) at time t by (w*(L, 1)). We take w = ./ (w2 (L, t)) as width of the front, the typical extent of the
interface parallel to the direction of advance. Figure 2 diagrams a between-species interface and shows the width
about the invader’s average incursion ki (t).

The development of spatially correlated interface heights underlies the power-law scaling we address. These
scaling relationships do not, in general, depend on details of the local growth dynamics®. That is, despite var-
iation in demographic details among different invader-resident interactions, the same qualitative scaling pat-
terns should emerge!®?°. Spatially correlated heights imply that the interface should equilibrate as a statistically
self-affine fractal; this structure produces ecologically interesting scaling laws. A roughened, self-affine inter-
face has a width w(L), where L is front length. Suppose that we increase length according to L—kL. Then inter-
face width must be re-scaled according to w—k®w to preserve statistical invariance (“look the same” at different
scales). Length and width must be increased by different factors, and the transformation has a power-law form.
Numerical calibration of the scaling laws can, of course, differ across species and environments.
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Interface Development. As the invader begins to advance, the interface starts to roughen, and invader
heights h,(t) become dependent random variables. A single correlation length £(¢) develops along the interface
(Fig. 2). Correlation length initially increases with time according to the power-law scaling &(¢) ~ t'/% z is called
the dynamic exponent!**. Once £(¢) spans the length L of the interface, “crossover” occurs. The interface contin-
ues to advance, but roughening has reached statistical equilibrium (roughening “saturates” at crossover)"*. The
duration of interface development, termed crossover time t,, increases with interface length; the scaling is t, ~ L~
The development of interface width offers a more useful ecological prediction. Prior to saturation, interface width
w expands with time according to w~ . 3 (3> 0) is called the growth exponent.
The height-height correlation function (Pearson correlation) is:

1/2
y (2)

where the averages are taken across rows y. G(I) indicates correlation length £(f) along the interface; height-height
correlation should decline as distance / between rows increases.

We use two statistics to monitor roughening associated with increasing correlation length along a developing
interface. Each combines results from windows of length [ < £(t). The local width w,(I) averages interface widths
from an ensemble of portions of the interface, each of length . The local width is given by:

@m:(%wm—memm—ﬁm»f&mgu—ﬂmﬂ

wilh) = ((ry (1) — Ty, )
: y P 3)
where El (y, t)is the mean height in the local window of length L.
Second, the height-difference correlation function, at time ¢ > 0, is given by:
1/2
C,() = ((h, ,(t) — h,()*) .
() = (U (®) = 1y () @

Both w,(I) and C,(I) are averaged across all rows y. For I < £(#), both w,(I) and C,(I) exhibit power-law scal-
ing over distances along the interface: w,(I), C(I) ~I*. a (o> 0) is the roughness exponent, and characterizes
the fractal nature of the interface!*¥. As the interface roughens with time, the correlation distance & increases.
Consequently, the linear dependence of In w,(I) and In C,(!) on In ], with slope «, should extend to greater lengths
I along the interface, until saturation.

The Saturated Interface. After crossover (¢ > t,), steady-state properties of the interface depend on
its length L'>*. Interface width w scales with interface length according to (w*(L, c0)) ~ L?*; interface width
increases as a power function of its length, according to the roughness exponent a.

Note that we do not predict roughness per se, but ask how interface roughness changes as we increase inter-
face length. Power-law scaling for (w*(L, co)) permits us to ask novel questions about invasive spatial growth.
Cannas et al.'® hypothesize that life-history variation among invading tree species might influence the roughness
exponent. Our analysis emphasizes how the expected location of the invader’s extreme advance depends on the
scaling of roughness with interface length.

Scaling and the Front-Runner. Consider the maximal invasive advance, the front-runner’s position. At
time ¢ we locate the front-runner at h,,,(t) = max,{h,(#)}. Given mean interface height h(L, t), the invader’s max-
imal relative advance at time tis A, , (L, t) = h,,,.(t) — h(L, t). We assume that roughening equilibrates before
considering the scaling of the expected lead (A,,,,.);; note dependence on interface length L.

The probability density of the front-runner’s excess A, (L, t) has been obtained analytically?®*. For broad
classes of dispersal-limited stochastic growth models, the scaled variable A,,,./(A,,..) has an Airy probability
density, and the steady-state average excess of the front-runner over the mean height scales with interface length
exactly as does the width. That is, (A,,,,); ~ L. Furthermore, we can infer the size of the extremes for an inter-
face of linear size L with estimates obtained in limited observation windows with size I. We have: (A, ,.(L)) ~
(A,ax(D)k", where k= (L/I), by the properties of a self-affine interface. Table 2 collects the various scaling rela-
tionships we study.

Scaling Exponents and KPZ Universality. In general, the scaling exponents of a roughened interface
are dependent: o = 3z'2. Dependence arises from the fractal structure of the interface; that is, we assume that the
interface equilibrates as a stochastically self-affine fractal?.

For roughened fronts in the KPZ universality class, the scaling-law exponents take particular values: . =1/2,
B=1/3, and z= o/ 3=3/2". The continuous approximation underlying the KPZ-roughening includes terms for
both frontal growth and lateral growth, and a term for additive, uncorrelated Gaussian noise>. A number of
different interface-growth models belong to the KPZ universality class, and below we compare our results to the
KPZ exponent values.

Experimental Results
Clover advance. During the 2010 growing season, clover advanced rapidly into the ryegrass; several longer
fronts approached the far end of the plot by October. Figure 3A shows each plot’s mean height % (¢) against time.
Figure 3B shows the interface width w as a function of time for the same samples (to be discussed in detail in the
Front Roughening subsection).

We estimated interface velocity as the difference in monthly mean clover height. Combining all plots, clo-
ver advanced fastest during the first month of growth. September velocities (after roughening saturated) were
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Regime Predicted Scaling | Comment KPZ Exponent Field Exponent
Development () ~tle Correlation length, dynamic exponent z=3/2 z=1.52240.708"
t,~L* Crossover time, interface length z=0.810+0.262*
w,~t7 Interface width, growth exponent pB=1/3 £$=0.312£0.073

C()~1 Height-difference correlation, I < £(t) a=1/2 a=0.277

Stationarity w(l)~ 1 Local interface width a=0.311
w(L)~L* Interface width a=0.278+0.181
(A~ L Front-runner’s lead a=0.475+0.191

Table 2. Expected scaling relationships during development of the interface, expected exponent values for
a Kardar-Parisi-Zhang (KPZ) system, and estimated exponents from our field experiment. z estimated by
z=al(, with « estimates from the front-runner’s lead" and plot interface width*. Of all estimates with standard
errors, only z* differs significantly from KPZ.
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Figure 3. Experimental interface development. (A) Mean plot heights (c#) by month. Red, yellow, green,
blue, and purple indicate, respectively, L=1, 2, 4, 8, 16 m. “Noise” added to abscissa for visibility. (B) Each plot’s
interface width by month; note the log-log scales. Dashed line indicates scaling during development. Estimated
growth exponent 3=0.312. 1m plots marked as X, signifying earlier saturation; see text.

independent of interface length L. After September, longer fronts continued to advance, but some shorter fronts
receded as the growing season ended. During the period of interface roughening, overall mean clover height
advanced at 20.7 cm/mo (£0.33 cm/mo, SE). This exceeds mean stolen-elongation rates cited by Cain ef al.*, but
is within the range of clover “dispersal distances™.

Overall mean clover height increased for five consecutive months. However, several clover fronts began to
experience winter die-back in October. Therefore, our analysis treated data from June through August as the
interface-development period, and treated data from September (month 4) as stationary. This is an approxima-
tion, since correlation lengths for larger values of L continued to increase during October.

Spatial Correlation.  Spatial correlations between row heights f,(t) both increased in strength and extended
to greater distances along the interface as clover advanced. The initial development of correlation length should
not depend on L, so we pooled observations from all plots. Each month we estimated correlation G,(I) between
row heights h,(f) as a function of distance I. Figure 4A shows the correlogram; spatial correlation increased every
month across most distances less than 200 crm.

The height-difference correlation C,(I) corroborated the previous result; see Fig. 4B. Each month C,(/) scaled as
a power law for an increasing distance along the interface. Using the result for month 4, our model selection pro-
cedure strongly supported a power-law relationship with multiplicative error (Table 3). Power-law behavior of the
height-difference correlation allows an estimate of the roughness exponent, since C,~ I, for [ < £(t). Regression
analysis of the C,(I) results yielded av=0.277; see Fig. 4B.

Front Roughening. As the interface roughens, its width should increase with time according to (w?(L, t))"/2 ~ °.
Figure 3B shows each plot’s interface width against time. We tested the predicted scaling after excluding data for
L =1m, since roughening in those (smallest) plots equilibrated earlier than observed for larger L. Model selection
found support for the power-law model with multiplicative error (Table 3). Using this model, we estimated the
growth exponent Fas 0.312 (0.073, SE); see Fig. 3B. Inclusion of plots where L = 1 m had little effect; the resulting
estimate is §=10.343 (£0.059, SE).

Figure 4C shows how local interface widths w,(I) increased as the interface developed. Each month w,(]) scaled
as the same power law for a greater distance along the interface, as anticipated from the increase in correlation

length £(1).
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Figure 4. Field experiment: interface development. (A) Spatial correlogram: correlation of row heights, G,(J)
[Eq. (2)]. The strength and lag distance at which correlations remained significant increased through time,
indicating an increase in the correlation length, £(f), along the interface. Key indicates month 1 through 5 for
each plot. (B) Height-difference correlation function, C,(I) [Eq. (4)], for months 1 through 5. Distance over
which power-law scaling holds increases with time, that is, increases as correlation distance increases. The
dashed line indicates the scaling relationship for month 4, based on the estimated growth exponent a=0.277.
(C) Local interface width w/(I) across months. The dashed line again shows the estimated scaling relationship
for month 4 of a=0.311. Note the log-log scales in (B,C).

Clover Growth

Analysis Linear Exp1l Exp2 Pow 1 Pow 2
w,~t? 411.21 407.82 4.65 0 408.72
C(h~1 2014.94 1716.08 754.1 0 1398.53
w(l)~ 1" 3629.0 3061.25 1528.87 0 2528.99
w(L) ~L* 118.44 117.02 2.56 0 117.18
(A~ L® 158.15 | 155.15 6.48 0 155.76

Table 3. AAIC scores. Models compared are as follows. Linear: y=x+¢; Exp 1: y=Ilog(x) +; Exp 2:
log(y) =x+¢&; Pow 1: log(y) = log(a) + blog(x) + &; Pow 2: y=ax’ + €. € is a random error term with zero
expectation and finite variance. Results support power-law models.

Stationary Roughness and the Front-Runner.  Assuming that roughening equilibrated in month 4, we
tested the predicted scaling of interface width against alternatives in two ways. The first uses the local roughening
analysis, and the second asks how mean interface width increases with L.

After saturation, local width w(I), where (I < L), should scale as w(l) ~ I*. We combined month-4 data from
different plots to characterize local roughening; see Fig. 4C. Our AIC-criterion (see Methods) strongly supported
the power-law formulation with multiplicative error (Table 2). The associated estimate of the roughness exponent
was a=0.311.

The mean roughening analysis treated each plot’s width w(L) separately. Using September estimates (Fig. 5A),
the model selection procedure again provided substantial support for a power-law relationship with multiplica-
tive error (Table 3). The power-law model for mean interface width as a function of interface length gave an
estimate v as 0.278 +0.181 (SE).

Once roughening has equilibrated, the average lead of the front-runner, beyond the mean height, should scale
with length as (A,,,,.); ~ L. Our model selection procedure once again found support for power-law scaling with
multiplicative error (Table 3). Using the preferred model, the front-runner scaling estimated the roughening
exponent as & =0.475 £ 0.091 (SE); R? = 0.6; see Fig. 5B.

Table 2 lists our estimated scaling exponents. The length-based estimates of the roughness exponent « are
consistent; scaling of the front-runner suggests greater roughness; we discuss this difference below. But every sta-
tistical analysis involving either the growth or the roughness exponent supported a power-law formulation over
statistical alternatives, as follows from the assumed fractal structure of the interface.

Ecological Implications

For dispersal-limited plants, ecological interactions driving invasive advance will often occur within the width
of a between-species interface. The framework of kinetic roughening quantitatively organizes scaling effects pro-
duced by spatially correlated invasive growth. In turn, estimates of interface width and roughness help reveal the
local structure of the within and between species interactions underlying spatial invasion.

As interface width, w,, increases during development, the area within which invader and resident individuals
compete for space, L X w,, increases. Averaging invader density across rows y produces an interface profile, which
summarizes the pattern of interactions within the width w,. Profiles for our experimental data show the fraction
of L rows occupied by clover as a function of distance from the mean height at time ¢.
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Figure 5. Saturated roughening and the front-runner. (A) Interface widths (cm)for different front lengths L,
data from September (month 4). Dashed line indicates power-law scaling. (B) Front-runner’s exceedance
(A,..0)» in cm, for different interface lengths L, data from month 4. Dashed line indicates power-law scaling.
Note the log-log scales in both panels.

Figure S1 in the Supplementary Information shows interface profiles from one experimental plot (16 1, same
as Fig. 1) for five months. Every month clover and ryegrass occurred with nearly equal frequency at the mean
height. The first month’s (June) profile drops sharply; the competitors mix very little as the interface begins to
develop. The remaining profiles show how interface width increases, which enlarges the area of interspecific
mixing.

We approximated observed interface profiles with the complementary error function (see Supporting
Information), since mean invader density has a roughly Gaussian decline across the interface*!. If p,(h) represents
clover density at height / and time ¢. Then:

1 _
p,(h) = —erfc([h — h(8)]/w))
= et ‘ ®)
where erfc is the complementary error function, and w, is interface width estimated at time t. p,(h) “flattens” as w;,
increases. Increased interface width can decrease the frequency of the invader’s self-regulating interactions within
the enlarging interface, and can increase the frequency of competitive interaction with the resident species. The
Supplementary Information shows how these frequencies change as the width expands.

Discussion

Given within-species spatial clustering, interspecific interactions will often occur at the interface where clus-
ters contact. This depiction of plant spatial competition, common to numerous models, invites application of
kinetic-roughening theory as a way to link pattern and process in dispersal-limited organisms. The framework
requires only a few parameters to predict a series of scaling relationships applicable across a diverse local-growth
processes. The methods of kinetic roughening should apply across physical scales if the growth processes are
sufficiently similar. Perhaps, expansion or contraction of a species’ geographic range might be characterized as
interface movement between habitats, driven by gain and loss of local demes. The obvious complication across
greater distances is environmental heterogeneity®. Spatial heterogeneity in demographic rates, varying at a scale
much greater than local dispersal distance, challenges application of kinetic roughening in analyzing ecological
invasion. But generalizations of the scaling principles we invoked may prove useful for spatially heterogeneous
invasion processes!’.

In our field experiment, length-based estimates of the roughness exponent o were close to 0.3, and the scaling
of the front-runner’s lead yielded an estimated « close to 0.5. Lattice models for clonal growth usually assume
that an individual (ramet) propagates forward, backward and laterally; any unoccupied, nearest-neighboring site
can be colonized at the same rate. But Cain et al.** carefully mapped the architecture of clonal growth in a white
clover population. Node-to-node branching angles of apical meristems centered on 0° (straight ahead), but some
large angles were observed. Lateral meristems branched off with a bimodal angular distribution, concentrated
at £60-70°. Clover, then, exhibits forward and lateral growth, but with a bias toward forward propagation. The
resulting morphology could have induced the difference between the scaling of the front-runner’s lead and the
length-scaling of interface roughening.

Estimates of dynamic-scaling exponents abound for advancing fronts in physical systems"’. In biology the
framework has been invoked to model advancing fronts from bacterial colonies***® to forest expansion!®, but
seldom have the scaling exponents been measured empirically. A microscopic analysis of bacterial growth yielded
two roughness exponents*. One experimental treatment promoted longer-range correlations along the front; esti-
mated roughness was a=0.78 £ 0.02 agreeing with an earlier, independent result*2. The second estimate, involv-
ing a mutant bacterial strain and a different substrate, yielded a lesser value: «=0.5+0.01*. A dynamic-scaling
study of callus growth, a proliferation of plant tissues in response to surface injury, produced an estimated rough-
ness exponent of v = 0.86 £ 0.04**. Point estimates of the roughness exponent of our clover fronts, growing under
interspecific competition for space, tended to be lower. However, standard errors of our estimates are relatively
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large. As a consequence, in 4 of 5 cases (see Table 2) we cannot reject the hypothesis of no difference between our
estimated exponents and the KPZ values. In general, variation among both abiotic environments and local biotic
interactions regulating growth may diversify interface geometries in biological systems*, and present a challenge
to the application of organizing principles.

Methods

Spatial Competitors. We studied dispersal-limited competition between Dutch white clover (T. repens)
and perennial ryegrass (L. perenne). Both species reproduce mainly through local, clonal growth*4. T. repens
propagates vegetatively through stoloniferous stems*’, while L. perenne produces tillers*). Competitive interaction
between these important forage crops is well understood***. We located experimental plots at the University of
Guelph Turfgrass Institute in an area homogeneous with respect to micro-topography (43°33'N, 80°13’W). To
minimize spatial heterogeneity, vegetation and the top layer of soil were removed, and the soil was tilled before
the experiment began.

Experimental Design. We established plots with interface length L =1, 2, 4, 8, and 16 m, with four replicates
of each length. To avert edge effects, we added a 0.5 m buffer, where no data were collected, at both ends of every
plot. A plot had dimensions of L x 3 m; all plots were initially split lengthwise by plastic dividers into sections of
1m and the remaining 2 m. We planted T. repens in the one-meter sections, and L. perenne in the two meter sec-
tions; we anticipated that clover would advance, given the soil resources and periodic mowing.

In Fall 2007 we planted Dutch white clover seed and a perennial ryegrass mix at respective densities of
>1.28kg/100m? and >7.5kg/ha. The ryegrass mix consisted of 40% Barclay, 30% Passport, and 30% Goalkeeper
varieties. For ease of planting, plots were arranged (with one exception) so that monocultures in one row bor-
dered monocultures of the same species in the next row. Experimental blocks were arranged linearly from the
northeast to the southwest. Spatial constraints required two rows within each block, aligned from the northwest
to the southeast. One row in each block contained plots of L =1 and 16 m side by side, separated by their buffer
areas, plus an additional one meter gap to ensure independence of the plots. The other row contained plots of the
remaining L in the same manner. The order of the rows within the block and the position of plots within a row
were randomly selected. Blocking exerted no significant statistical effects on the results.

The area was watered as necessary; the well drained, sandy loam soil prevented excessive moisture accumu-
lation. Ryegrass required fertilization twice before it became fully established (on 7/7/2008 and 9/19/2008; each
time we applied 25 kgN/ha). To remove weeds without disturbing the soil, we sprayed herbicide twice (7/7/2008
and 9/19/08). The clover was sprayed with a grass control herbicide (Poast Ultra, 1L/ha), and the grass with a
broad-leaf control herbicide (Par 3, 55 mL/100 m?). Throughout the experiment we removed weeds manually,
unless removal would disturb the interface.

In spring 2009, monocultures achieved densities sufficient for the experiment. On May 20, plastic barri-
ers between monocultures were removed. Plots were mowed weekly to 5cm above ground through the end of
October 2009. There was very little advance of the front in this first season (no movement in most plots) possibly
due to the intense mowing regime. In 2010, we mowed only once a month to 8 cm above ground, and the clover
steadily advanced. We took monthly photos just after mowing.

In June 2010 we began recording the monthly advance of T. repens in each plot. We resolved measurements
at a scale of 1 cm?, the size of an individual clover ramet®. We marked each 1m? subsection of every plot perma-
nently, to reference growth measurements. Each such subsection was photographed from above after monthly
mowing. We re-projected each photo to correct for perspective, and combined photos from the same plot. We
recorded the 100 L row heights h,(¢) for T. repens in each plot.

We tested the hypothesized power-law relationships against alternative linear and exponential models®'.
We fit power-law models with two different assumptions regarding error distribution. The first assumed nor-
mally distributed, additive error; the second assumed log-normally distributed, multiplicative error®2. Our
kinetic-roughening framework predicts the latter. We compared relative support for each model using differences
in AIC scores (AAIC); we considered models with AAIC < 2 as supported substantially®.

After confirming scaling relationships statistically, we compared the exponents to those of the KPZ universal-
ity class. We report the slopes = standard error from all of our power-law scaling results, except for C,(I) and w(l)
where we simply provide the estimated exponent. Although we have followed standard kinetic roughening theory
protocol, the inherent autocorrelation in these two latter regressions invalidates ordinary least squares confidence
intervals. This leaves one estimate with standard error for 3 from interface growth during development, and two
estimates of o from the interface width and front-runner analyses. We estimated z as ¢ using both « estimates and

allowing uncertainty to propagate. Finally, we tested all exponents with available standard errors against KPZ
values with t-tests.

References
1. Harada, Y. & Iwasa, Y. Lattice population dynamics for plants with dispersing seeds and vegetative propagation. Res Popul Ecol. 36,
237-249 (1994).
2. Liu, ], Dong, M., Miao, S. L., Li, Z. Y., Song, M. H. & Wang, R. Q. Invasive alien plants in China: role of clonality and geographical
origin. Biol Invasions. 8, 1461-1470 (2006).
3. Cantor, A., Hale, A., Aaron, J., Traw, M. B. & Kalisz, S. Low allelochemical concentrations detected in garlic mustard-invaded forest
soils inhibit fungal growth and AMF spore germination. Biol Invasions. 13, 3015-3025 (2011).
4. Goldberg, D. E. & Barton, A. M. Patterns and consequences of interspecific competition in natural communities: a review of field
experiments with plants. Am Nat. 139, 771-801 (1992).
. Levine, J. M., Adler, P. B. & Yelenik, S. G. A meta-analysis of biotic resistance to exotic plant invasions. Ecol Lett. 7, 975-989 (2004).
. Chesson, P. Mechanisms of maintenance of species diversity. Annu Rev Ecol Syst. 31, 343-366 (2000).
7. Herben, T, During, H. J. & Law, R. In The Geometry of Ecological Interactions (eds Dieckmann, R. et al.) Ch. 4, 48-64 (Cambridge
University Press, 2000).

(-]

SCIENTIFICREPORTS | 6:29908 | DOI: 10.1038/srep29908 8



www.nature.com/scientificreports/

15.
16.

17.

18.
19.
20.

21.
22.

23.
24.

25.

36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
. Solow, A. R,, Costello, C. J. & Ward, M. Testing the power law model for discrete size data. Am Nat. 162, 6785-689 (2003).
52.

53.

. Murrell, D. J. & Law, R. Heteromyopia and the spatial coexistence of similar competitors. Ecol Lett. 6, 48-59 (2003).
. Gandhi, A., Levin, S. & Orszag, S. Nucleation and relaxation from meta-stability in spatial ecological models. J Theor Biol. 200,

1221-146 (1999).

. Korniss, G. & Caraco, T. Spatial dynamics of invasion: the geometry of introduced species. ] Theor Biol. 233, 137-150 (2005).
. O’'Malley, L., Kozma, B., Korniss, G., Racz, Z. & Caraco, T. Fisher waves and front propagation in a two-species invasion model with

preemptive competition. Phys Rev E. 74, 041116 (2006).

. Kardar, M., Parisi, G. & Zhang, Y. C. Dynamic scaling of growing interfaces. Phys Rev Lett. 56, 889-892 (1986).
. Barabasi, A. L. & Stanley, H. E. Fractal Concepts in Surface Growth (Cambridge University Press 1995).
. Korniss, G., Toroczkai, Z., Novotny, M. A. & Rikvold, P. A. From massively parallel algorithms and fluctuating time horizons to

nonequilibrium surface growth. Phys Rev Lett. 84, 1351-1354 (2000).

Korniss, G., Novotny, M. A., Guclu, H., Toroczkai, Z. & Rikvold, P. A. Suppressing roughness of virtual times in parallel discrete-
event simulations. Science. 299, 677-679 (2003).

Cannas, S. A, Marco, D. E,, Péez, S. A. & Montemurro, M. A. In Interdisciplinary Applications of Ideas from Nonextensive Entropy
(eds Gell-Mann, M. & Tsallis, C.) Ch 14, 243-258 (Santa Fe Institute, 2004).

Hajek, A. E., Elkinton, J. S. & Witcosky, J. J. Introduction and spread of the fungal pathogen Entomophaga maimaiga
(Zygomycetes:Entomophthorales) along the leading edge of Gypsy Moth (Lepidoptera:Lymantriidae) spread. Environ Entomol. 25,
1225-1247 (1996).

Clark, J. S., Lewis, M. & Horvath, L. Invasion by extremes: population spread with variation in dispersal and reproduction. Am Nat.
57,537-554 (2001).

Thomson, N. A. & Ellner, S. P. Pair-edge approximation for heterogeneous lattice population models. Theor Popul Biol. 64, 270-280
(2003).

O’Malley, L., Korniss, G. & Caraco, T. Ecological invasion, roughened fronts, and a competitor’s extreme advance: integrating
stochastic spatial-growth models. B Math Biol. 71, 1160-1188 (2009).

Allstadt, A., Caraco, T. & Korniss, G. Ecological invasion: spatial clustering and the critical radius. Evol Ecol Res. 9, 375-394 (2007).
Gandhi, A., Levin, S. & Orszag, S. “Critical slowing down” in time-to-extinction: an example of critical phenomena in ecology. J
Theor Biol. 192, 363-376 (1998).

Gastner, M. T., Oborny, B., Zimmermann, D. K. & Pruessner, G. Transition from connected to fragmented vegetation across an
environmental gradient: scaling laws in ecotone geometry. Am Nat. 174, E23-E39 (2009).

Eppinga, M. B., Pucko, C. A, Baudena, M., Beckage, B. & Molofsky, J. A new method to infer vegetation boundary movement from
‘snapshot’ data. Ecography 36, 622-625 (2013).

Family, E. & Vicsek, T. Scaling of the active zone in the Eden process on percolation networks and the ballistic deposition model. J
Phys A.18,175-L81 (1985).

. Fisher, R. A. & Tippett, L. H. C. The frequency distribution of the largest or smallest member of a sample. P Camb Philos Soc. 24,

180-191 (1928).

. Galambos, J., Lechner, J. & Simin, E. Extreme Value Theory and Applications (Kluwer, 1994).

. Majumdar, S. N. & Comtet, A. Exact maximal height distribution of fluctuation interfaces. Phys Rev Lett. 92, 225501 (2004).

. Antonovics, J., McKane, A. J. & Newman, J. T. Spatiotemporal dynamics in marginal populations. Am Nat. 167, 16-27 (2006).

. Pachepsky, E. & Levine, J. M. Density dependence slows invader spread in fragmented landscapes. Am Nat. 177, 18-28 (2011).

. Plischke, M., Racz, Z. & Liu, D. Time-reversal invariance and universality of two-dimensional models. Phys Rev B. 35, 3485-3495

(1987).

. Durrett, R. & Levin, S. Spatial aspects of interspecific competition. Theor Popul Biol. 53, 3043 (1998).
. Bolker, B. M. & Pacala, S. W. Spatial moment equations for plant competition: understanding spatial strategies and the advantages

of short dispersal. Am Nat. 153, 575-602 (1999).

. Amarasekare, P. Coexistence in spatially structured environments: synthesis. Ecol Lett. 6, 1109-1122 (2003).
. Allstadt, A., Caraco, T., Molnar, E, Jr. & Korniss, G. Interference competition and invasion: spatial structure, novel weapons, and

resistance zones. ] Theor Bio. 306, 46-60 (2012).

Majumdar, S. N. & Comtet, A. Airy distribution function: from the area under a Brownian excursion to the maximal height of
fluctuating interfaces. J Stat Phys. 119, 776-826 (2005).

Karabacak, T., Zhao, Y. P, Wang, G. C. & Lu, T. M. Growth-front roughening in amorphous silicon films by sputtering. Phys Rev B.
64, 085323 (2001).

Schehr, G. & Majumdar, S. N. Universal asymptotic statistics of a maximal relative height in one-dimensional solid-on-solid models.
Phys Rev E. 73, 056103 (2006).

Cain, M. L., Pacala, S. W,, Silander, J. A. Jr. & Fortin, M. J. Neighborhood models of clonal growth in the white clover Trifolium
repens. Am Nat. 145, 888-917 (1995).

Schwinning, S. & Parsons, A. J. A spatially explicit population model of stoloniferous N-fixing legumes in mixed pasture with grass.
J Ecol. 84, 815-826 (1996).

Foltin, G., Oerding, K., Racz, Z., Workman, R. L. & Zia, R. K. P. Width distribution for random-walk interfaces. Phys Rev E. 50,
R639-R642 (1994).

Vicsek, T., Cserzo, M. & Horvath, V. K. Self-affine growth of bacterial colonies. Physica A. 167, 315-321 (1990).

Bonachela, J. A., Nadell, C. D., Xavier, J. B. & Levin, S. A. Universality in bacterial colonies. J Stat Phys. 144, 303-315 (2011).
Wakita, J. I, Itoh, H., Matsuyama, T. & Matsushita, M. Self-affinity for the growing interface of bacterial colonies. ] Phys Soc Jpn. 66,
67-72 (1997).

Galeano, J., Buceta, ]., Juarez, K., Pumarino, B., de la Torre, J. & Iriondo, ]. M. Dynamical scaling analysis of plant callus growth.
Europhys Lett. 63, 83-89 (2003).

Turkington, R., Cahn, M. A, Vardy, A. & Harper, J. L. The growth, distribution and neighbour relationships of Trifolium repensin a
permanent pasture: IIL. The establishment and growth of Trifolium repens in natural and perturbed sites. ] Ecol. 67, 231-243 (1979).
Fraser, J. Characteristics of naturalized populations of white clover (Trifolium repens) in Atlantic Canada. Can J Botany 67,
2297-2301 (1989).

Fustec, J., Guilleux, J., Le Corff, J. & Maitre, J. P. Comparison of early development of three grasses: Lolium perenne, Agrostis
stolonifera and Poa pratensis. Ann Bot-London 96, 269-278 (2005).

Schwinning, S. & Parsons, A. J. Analysis of coexistence mechanisms for grasses and legumes in grazing systems. J Ecol. 84, 799-813
(1996).

Silvertown, J. W. Micro-spatial heterogeneity and seedling demography in species-rich grassland. New Phytol. 88, 117-128 (1981).

Xiao, X., White, E. P., Hooten, M. B. & Durham, S. L. On the use of log-transformation vs. nonlinear regression for analyzing
biological power laws. Ecology. 92, 1887-1894 (2011).

Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference: a Practical Information-theoretic Approach (Springer,
2002).

SCIENTIFICREPORTS | 6:29908 | DOI: 10.1038/srep29908 9



www.nature.com/scientificreports/

Acknowledgements

We thank K. Bolton, K. Shukla and the Guelph Turfgrass Institute and Research Station for their help. This
material is based upon research supported by the National Science Foundation under Grant Nos DEB 0918392
(T.C.), DEB 0918413 (G.K.), and DMR 1246958 (G.K.); field research was supported by grants from the Ontario
Ministry of Agriculture (J.A.N.) and the Canadian Natural Sciences and Engineering Research Council (J.A.N.).

Author Contributions
T.C., GK, J.AN. and A.J.A. conceived the experiment, A.J.A. and J.A.N. conducted the experiment, A.J.A., J.A.N.
and J.A.W. analysed the results. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Allstadt, A. ]. et al. Spatial Competition: Roughening of an Experimental Interface.
Sci. Rep. 6,29908; doi: 10.1038/srep29908 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:29908 | DOI: 10.1038/srep29908 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Spatial Competition: Roughening of an Experimental Interface

	Local Dispersal and Interface Roughening

	Interface Roughening: Development and Saturation. 
	Interface Development. 
	The Saturated Interface. 
	Scaling and the Front-Runner. 
	Scaling Exponents and KPZ Universality. 

	Experimental Results

	Clover advance. 
	Spatial Correlation. 
	Front Roughening. 
	Stationary Roughness and the Front-Runner. 

	Ecological Implications

	Discussion

	Methods

	Spatial Competitors. 
	Experimental Design. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ White clover (T.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Schematic plot of the width (w) and the extreme advance (Δmax) relative to the mean front position in a rough front.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Experimental interface development.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Field experiment: interface development.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Saturated roughening and the front-runner.
	﻿Table 1﻿﻿. ﻿  Definitions of variables.
	﻿Table 2﻿﻿. ﻿  Expected scaling relationships during development of the interface, expected exponent values for a Kardar-Parisi-Zhang (KPZ) system, and estimated exponents from our field experiment.
	﻿Table 3﻿﻿. ﻿  ΔAIC scores.



 
    
       
          application/pdf
          
             
                Spatial Competition: Roughening of an Experimental Interface
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29908
            
         
          
             
                Andrew J. Allstadt
                Jonathan A. Newman
                Jonathan A. Walter
                G. Korniss
                Thomas Caraco
            
         
          doi:10.1038/srep29908
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29908
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29908
            
         
      
       
          
          
          
             
                doi:10.1038/srep29908
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29908
            
         
          
          
      
       
       
          True
      
   




