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a b s t r a c t

Old fields are diverse forb-dominated ecosystems transitioning into woody-dominated forested
ecosystems. However, the susceptibility of old fields to high levels of plant invasion can lead to the
co-occurrence of multiple non-native invasive plant species at the fine-scale of plant neighborhoods,
which can alter native species co-occurrence patterns and successional trajectories into forest commu-
nities. Community disassembly by invasive species occurs when the presence of one or more invaders
shifts co-occurrence patterns of native species from structured to random. Disassembly can imply a loss
of existing co-evolved interactions among native species, which has ramifications for community
dynamics and trajectories of invaded ecosystems. Here, we quantify relationships among multiple inva-
sive plant species and two indicators of community succession in old-field plant communities in East
Tennessee: co-occurrence patterns of native and non-native species and successional trajectories. First,
we examine how biotic and abiotic factors shape the abundance of invasive species, as well as native
and invasive functional groups across old fields. Second, we ask whether invasive species influence
co-occurrence patterns among native species and whether invasive species are associated with altered
herbaceous:woody foliar cover ratios. We found that biotic and abiotic predictors associated with inva-
sive species were not consistent in identity or direction of association, indicating that predicting which
sites or suite of biotic and abiotic variables are associated with invasive species will be challenging.
Importantly, as the number of invasive plants increased in 1-m2 plots, native species co-occurrence pat-
terns shifted from structured to random, whereas invasive species co-occurrence patterns remained
random irrespective of the number of invasive species. Plots containing three or more invaders had sig-
nificant changes in native and invasive herbaceous:woody foliar cover ratios. The herbaceous:woody
foliar cover ratio of native species was 4! lower and of invasive species was 2! greater compared to
plots with one or two invaders, and this shift was in part explained by an increase in foliar cover of
non-native woody species. Our data suggest that increased number of invasive species in old fields
alters both native species interactions and the trajectories of old-field communities, which could influ-
ence the developing understory community as old fields transition into forests. We recommend that
management of fields during succession should focus on decreasing the total number of invasive species
to restore species co-occurrence patterns and prevent altered successional trajectories, including accel-
erated succession of non-native woody species.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

Old-field communities are successional ecosystems in transition
from herbaceous-dominated abandoned agricultural land
into woody-dominated forests. In the eastern United States,

approximately one-third of pre-European settlement forests were
cleared for cultivation (Smith et al., 2003) and approximately 50
million acres of once forested agricultural lands have been aban-
doned and are reverting back to forest (Cramer et al., 2008; Hobbs
and Cramer, 2007). Agricultural abandonment creates local- and
landscape-scale legacies, which include the creation of
post-agricultural soil conditions that can select for a different suite
of understory species (Dupouey et al., 2002; Koerner et al., 1997;
Motzkin et al., 1996; Verheyen et al., 1999) or a fragmented land-
scape that prevents dispersal of some forest herbs (Bellemare
et al., 2002; Dyer, 2010; Matlack, 1994; Singleton et al., 2001).
Additionally, old-field species, both native and non-native, that
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establish in post-agricultural areas can directly impact the
understories of future forests. Old-field species may persist in forest
understories after canopy closure (Bazzaz, 1968; Dyer, 2010;
Motzkin et al., 1996) or they may interact with newly colonizing
understory herbs to influence final understory forest composition
(Endels et al., 2004). Understanding how these disturbance legacies
might alter transitions from field to forest is important for predict-
ing the understory plant composition of future forests (Flinn and
Vellend, 2005).

Old-field ecosystems harbor many native and non-native spe-
cies (Bazzaz, 1996; Fridley et al., 2007; Souza et al., 2011a). The
legacy of cultivation—alteration of plant biomass, tillage, and fertil-
ization—can decrease seeds of native species in the soil seed banks
and lead to higher probability of invasion by non-native species
(Cramer et al., 2008). Similarly, disturbances like periodic mowing
in old-field ecosystems could influence the establishment and
growth of non-native species (Davis et al., 2000; MacDougall and
Turkington, 2005), but the effects of disturbance in old-field plant
communities tend to be species specific (Averill et al., 2010; Bran-
don et al., 2004; Renne et al., 2006). In a survey of 250 1-m2 quad-
rats across 17 old fields, Souza et al. (2011a) did not find a single
plot without non-native species and 90% of surveyed plots had
non-native invasive species. Of those plots containing non-native
invasive plants,"47% had two or more non-native invasive species.
Because non-native, invasive plant species can modify community
structure and composition across a wide variety of ecosystems
(Vilà et al., 2011), it is also important to study them in the context
of succession from old field to forest.

Non-native invasive species can directly affect native communi-
ties by altering species richness, evenness, or diversity in recipient
communities (Vilà et al., 2011; Wardle et al., 2011). Some invasive
species, however, might have more subtle effects on community
structure, such as altering co-occurrence patterns among species,
which may not necessarily coincide with short-term declines in
richness, evenness, or diversity (Sanders et al., 2003). This change
in species co-occurrence patterns is termed ‘‘community disassem-
bly’’ and occurs when a non-native invasive species causes associ-
ation patterns of native species to shift from non-random (i.e.,
segregated or aggregated) to random (Sanders et al., 2003). Disas-
sembly has been documented in ant and plant communities, where
highly segregated or aggregated communities lose their structure
after the arrival of a non-native invasive species (Gotelli and
Arnett, 2000; Sanders et al., 2003; Santoro et al., 2012).

The presence of one or more invasive species in old fields could
influence co-occurrence patterns among native species and succes-
sional dynamics of old fields in two ways. First, if invasive plants are
associated with disassembly of old-field native plant species, this
could suggest an alteration of interspecific interactions among na-
tive species (Sanders et al., 2003). Plant community organization
can be strongly influenced by interspecific interactions (Brooker
et al., 2008; Callaway and Walker, 1997; Freckleton et al., 2009;
Goldberg and Barton, 1992), particularly during old-field succes-
sion (Connell and Slatyer, 1977; Fortner and Weltzin, 2007; Huston
and Smith, 1987; Jensen et al., 2012; Li and Wilson, 1998). The
alteration of interactions at early successional stages could lead to
unpredictable paths of forest succession or, alternatively, to an eco-
system where succession is arrested and dominated by non-native
grasses or shrubs (Cramer et al., 2008; Tognetti et al., 2010).
Additionally, if a particular invasive species occurs in both old-field
and forest ecosystems (Belote et al., 2003; Cole and Weltzin, 2005;
Souza et al., 2010) and if these species persist in secondary forest
understories they could negatively affect colonization by forest
herbs (McLane et al., 2012; Meiners, 2007; Myster and Pickett,
1992). Second, old field to forest succession can be measured as
the change in woody:herbaceous ratios through time (i.e., increas-
ing proportion of woody plants as old fields age; Wright and Fridley,

2010). If the presence of invasive plants is associated with differ-
ences in herbaceous:woody cover ratios, this could indicate that
invaders might alter the rate at which fields transition to forests.

Though the impacts of individual invaders in old-field ecosys-
tems have been intensively studied (Brandon et al., 2004; Dickson
et al., 2010; Emery and Gross, 2006; Knapp, 1996), studies on the
effects of multiple invasive species on the co-occurrence patterns
of old-field species are less common (Powell et al., 2013). Here,
we use a multifaceted approach to explore how invasive species
might affect the trajectories of old-field communities as they tran-
sition into forests. First, we examine the patterns of occurrence of
invasive plants in old-field ecosystems by asking (1) What abiotic
and biotic factors shape the abundance of non-native invasive spe-
cies and invasive and native functional groups? Predictive models,
such as these, could assist managers in targeting areas that have a
higher likelihood of invasion by multiple species. Next, to under-
stand how nonnative invasive species affect assembly patterns
and successional dynamics in old-field communities we address
the following two questions: (2) How do multiple invasive species
alter co-occurrence patterns of native and non-native invasive spe-
cies? and (3) How do multiple invasive species alter successional
trajectories (herbaceous:woody foliar cover ratios) in old fields?

2. Materials and methods

2.1. Study site and plant surveys

In the summer of 2006, we located 17 fields across the Three
Bend Scenic and Wildlife Management Refuge, which is part of
the Oak Ridge National Environmental Research Park near Oak
Ridge, TN (35–580N, 84–170W). Old-field communities were agri-
cultural fields until ca. 1943 following abandonment and are main-
tained by periodic mowing for early-successional wildlife species.
Management regimes among fields varied in mowing frequency:
monthly mowing, annual mowing, biannual mowing (half of the
field in the spring and other half of the field in the fall), or biennial
mowing. Soils at the sites are characterized as Typic Hapludult
with a silty clay loam texture (Phillips et al., 2001). Mean monthly
temperatures range from approximately 3 "C in the winter to 31 "C
in the summer and mean annual rainfall is 1322 mm.

We chose fields based on the presence of well-defined bound-
aries such as forests or roads. Within each field, we randomly
placed two to six 50-m transects (depending on field area, which
ranged from ca. 2000 m2 to 50,000 m2). We placed five 1-m2 plots
10 m apart starting 10 m from the origin of each transect. In each
1-m2 plot, we identified and estimated percent foliar cover of all
native and non-native vascular plant species during the peak of
the growing season. We estimated species-specific foliar cover
using a modified Braun-Blanquet cover class scale (Braun-
Blanquet, 1932). The modified Braun-Blanquet scale included six
categories: 1 = <1%, 2 = 1–5%, 3 = 5–25%, 4 = 25–50%, 5 = 50–75%,
6 = 75–100%.

For the purpose of our study, we considered a species to be non-
native if humans transported it across fundamental geographic bar-
riers (Richardson et al., 2011). We also distinguish between ‘‘natu-
ralized’’ non-native species (hereinafter, non-native)—those that
are remnants of old-field agricultural but do not spread far from
the source of introduction—and ‘‘invasive’’ non-native species
(hereinafter, invasive)—those that have spread far from their origi-
nal source of introduction and therefore are considered rank one
invasive species (for a full list of species see Supplementary
Information Table 1). We consider this to be an important distinc-
tion because while non-native and native species tend to follow
similar successional patterns from old field to forest (i.e., decrease
in herbaceous cover and increase woody cover) invasive plants do
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not (i.e., dominant during all stages of succession, regardless of
functional characteristics; McLane et al., 2012; Meiners, 2007;
Tognetti et al., 2010).

2.2. What abiotic and biotic factors shape the abundance of non-native
invasive species and invasive and native functional groups?

To determine the relationships between abiotic and biotic fac-
tors associated with the abundance of each invasive plant species
(Allium vineale L., Cirsium vulgare (Savi) Ten., Coronilla varia
L., Daucus carota L., Elaeagnus umbellata Thunb., Lespedeza cuneata
(Dum. Cours.) G. Don, Lonicera japonica Thunb., Microstegium vimi-
neum (Trin.) A. Camus, Senna obtusifolia (L.) Irwin & Barneby, Sor-
ghum halepense (L.) Pers., and Verbascum thapsus L.), as well as
with the abundance of native and invasive functional groups (e.g.,
graminoids, nitrogen fixers, forbs, and woody plants) at the 1-m2

plot level, we conducted variable selection procedures using all
possible variable selection approach. All abiotic and biotic variables
were measured at the 1-m2 plot level (see Souza et al. (2011b) for
more information). Prior to performing variable selection, we tested
for multicollinearity among the biotic (non-native richness, native
richness, non-native foliar cover, nitrogen-fixer biomass, total bio-
mass) and abiotic (light availability – photosynthetically active
radiation, soil moisture – percent volumetric water content, soil
nitrogen – potential nitrogen mineralization, soil bulk density, soil
texture – percent clay and sand, litter mass, mowing frequency)
predictors by constructing a correlation matrix using Pearson’s cor-
relation coefficients. Predictor variables with significant correlation
coefficients (#0.75 > r > 0.75) were excluded from variable selec-
tion procedure (Kumar et al., 2006). We also tested for spatial auto-
correlation of dependent variables, prior to variable selection, with
Moran’s I correlogram plots in SAM v4.0 software (Rangel et al.,
2010). We accounted for spatial autocorrelation in variables by run-
ning spatial models. If spatial autocorrelation was detected, we per-
formed variable selection procedure on the detrended response
variables (i.e., residuals of multiple regression of dependent vari-
ables and X and Y coordinate predictor variables; Borcard and
Legendre, 2002; Borcard et al., 2004).

During variable selection, we generated several linear and mul-
tiple regression models to determine the best single or best combi-
nation of explanatory variables associated with each invasive plant
species and native or invasive functional groups. To evaluate the
best multiple regression model predicting the abundance of each
invasive plant species, we used the Akaike Information Criterion
adjusted for small sample size (AICc; Burnham and Anderson,
2004). All regression analyses were performed using SAS 9.1.3
(SAS Institute, Inc., Cary, NC) from which we obtained partial
regression coefficient (2), partial P-value for each contributing pre-
dictor variable, and full model P and R2 values.

2.3. How do multiple invasive species alter co-occurrence patterns of
native and non-native invasive species?

We used Stone and Roberts (1990) C-score index to examine
patterns of co-occurrence for native and invasive species across
1-m2 plots that varied in the number of invasive plant species pres-
ent. We calculated C-scores as (Ri # S)(Rj # S), where Ri is the num-
ber of occurrences for species i, Rj is the number of species
occurrences for species j, and S is the number of sample plots in
which both species occur. To determine C-scores, we created 10
separate presence-absence submatrices from plant survey data (2
species categories [native (107 species) or invasive (11 spe-
cies)] ! 5 plot richness values [0 (25 plots), 1 (120 plots), 2 (82
plots), 3 (19 plots) or 4 (4 plots) invasive plant species]). Because
C-score analyses on larger matrices have higher statistical power,
we used ANCOVA models with matrix size (number of

species ! number of plots) as a covariate to test whether number
of invaders in a plot was still a significant factor in predicting
co-occurrence patterns (Gotelli and McCabe, 2002).

To compare C-scores, we calculated the standardized effect size
(SES) of each C-score by measuring the number of standard devia-
tions the observed index is above or below the mean index of sim-
ulated communities. We calculated the SES as (IO # IS)/SS where IO

is the index value of a given matrix and IS is the mean index value
and SS the standard deviation of 5000 simulated communities. For
each simulated ‘‘null’’ community, we randomly shuffled row and
column values within a matrix but constrained null matrices to
fixed column and fixed row totals (Gotelli and McCabe, 2002),
which has low Type I error rates (Gotelli, 2000). When a C-score in-
dex is significantly higher than its null model index, then species
pairs are co-occurring less frequently than expected (i.e., segre-
gated), which could be a result of competition among species or
subtle differences in habitat requirements. Alternatively, a
significantly lower C-score value indicates that species pairs are
co-occurring more frequently than expected by chance (i.e., aggre-
gated), which could imply facilitative interactions or similarities in
habitat requirements. Thus, when an invasive species causes com-
munities to shift from nonrandom to random, the implication is
that former interspecific interactions shaping that community no
longer exist. For C-score analyses, we used EcoSim software v.7
(Gotelli and Entsminger, 2011).

2.4. How do multiple invasive species alter successional trajectories in
old fields?

As old fields transition to young forests the ratio of herbaceous
to woody cover shifts from herbaceous dominated to woody dom-
inated (Inouye et al., 1987; Meiners et al., 2002). We therefore
compared the herbaceous:woody ratios of plots with varying levels
of invasion to determine if the number of invasive plant species in
1-m2 plots was associated with differences in successional trajec-
tories. We calculated the herbaceous to woody plant cover ratios
for total, native, and invasive species in 1-m2 plots. We ran one-
way analysis of variance (ANOVA) with number of invasive species
as the main effect (fixed) and herbaceous:woody foliar cover as the
response variable. To determine which invader treatment level
influenced our response variables, we used Student’s T-test at
alpha = 0.05. The one-way ANOVA and Student’s T-tests were
performed using JMP 10.0 (SAS Institute, Inc., Cary NC).

3. Results

3.1. What abiotic and biotic factors shape the abundance of non-native
invasive species and invasive and native functional groups?

There were no consistent predictors (in number, identity, or
direction of association) explaining the variation in the abundance
of most old-field invasive species (Table 1). Model R2 values ranged
from very low predictive ability (V. thapsus, N = 250, P = 0.04,
R2 = 0.02; SI Table 2) to a moderate predictive ability (C. varia,
N = 250, P < 0.0001, R2 = 0.44; SI Table 2). For three of the eleven
invaders, we were unable to find significant regression models
(D. carota, E. umbellata, S. obtusifolia; P > 0.05; SI Table 2). Two of
the 11 invasive species, L. japonica and M. vimineum, are of poten-
tial concern to forest managers because they are common in both
old fields and forests. Multiple regression models for both species
had moderate explanatory power (L. japonica, N = 249, P < 0.0001,
R2 = 0.28; M. vimineum, N = 250, P < 0.0001, R2 = 0.20; SI Table 2).
L. japonica cover increased positively with other non-native species
cover (partial R2 = 0.21, P < 0.0001; SI Table 2). In contrast,
M. vimineum abundance was associated with variation in the
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abiotic predictors soil pH (partial R2 = 0.08, P < 0.0001) and soil
moisture (partial R2 = 0.03, P = 0.002), which explained over 80%
of the total model variation (e.g., full model R2; SI Table 2).

Abiotic and biotic variables were also highly variable in their
predictive power of the abundances of native and invasive func-
tional groups (SI Table 2) and models predicting the total abun-
dance for native and invasive functional groups rarely shared
predictor variables in common. For example, we did not find a sig-
nificant model that explained the abundances of native nitrogen
fixers across plots (N = 250, P = 0.45, R2 < 0.01) but found a highly
significant model that explained 41% of the variation of invasive
nitrogen fixers (N = 249, P < 0.0001, R2 = 0.41; SI Table 2). Overall,
total variation of invasive functional group abundance explained
by the models ranged from 2% to 61% (forbs, N = 250, P = 0.02,
R2 = 0.02; graminoids, N = 250, P < 0.001, R2 = 0.10; nitrogen-fixers,
N = 249, P < 0.0001, R2 = 0.41; woody, N = 249, P < 0.0001,
R2 = 0.61; SI Table 2). Total variation of native functional group
abundance explain by the models ranged from 2% to 19% forbs,
N = 249, P < 0.0001, R2 = 0.19; graminoids, N = 249, P < 0.0001,
R2 = 0.13; woody, N = 250, P = 0.03, R2 = 0.02; SI Table 2).

3.2. How do multiple invasive species alter co-occurrence patterns of
native and non-native invasive species?

Native species co-occurrence patterns shifted from non-random
to random as the number of invasive plants increased in 1-m2 plots

across old-field communities. The standardized effect sizes for
native species decreased by almost 90% as the number of invasive
plant species increased in plots (Fig. 1). Native species found in
plots with less than two invasive plants were strongly segregated
(i.e., high C-score values ranging from 3.7 to 10.2) but in plots with
greater than three invasive species, native species co-occurrence
patterns became indistinguishable from random (i.e., low C-score
values close to 0). This pattern remained statistically significant
after taking matrix size into account (SI Table 3). Co-occurrence
patterns of invasive species, in contrast, were always indistinguish-
able from random no matter how many invasive species were pres-
ent (i.e., C-score values were all near 0).

3.3. How do multiple invasive species alter successional trajectories in
old fields?

The co-occurrence of multiple invasive plant species in old-field
communities was associated with lower ratios of herba-
ceous:woody foliar cover for native and invasive species. Higher
number of invasive plants were linked with lower herba-
ceous:woody foliar cover ratios for total species and native species
(Fig. 2). Plots with three or four invasive plants had approximately
6! lower herbaceous:woody foliar cover for total species and
4! lower herbaceous:woody cover for native species. However,
this pattern was opposite for invasive species. The herba-
ceous:woody foliar cover in plots with three or four invasive plants

Table 1
There was little consistency between abiotic or biotic predictors that explained the variation in foliar cover of eleven non-native invasive plant species and native and non-native
invasive species functional groups in multivariate regression models. The ‘‘+’’ and ‘‘#‘‘ symbols indicate the direction of the relationship between each predictor to the abundance
of each species or functional group. The two most important predictors (those with highest partial R2 values) are represented in black, all other predictors in gray. Asterisks (⁄)
represent models accounting for spatial autocorrelation.
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was 2! greater than in plots with only two invaders (Fig. 2). The
change in total and native herbaceous:woody cover ratios was pri-
marily driven by a decline in the abundance of the most dominant
native herbaceous species, Solidago altissima L., and an increase in
the three most dominant woody species, the native shrubs Rubus
argutus Link and R. flagellaris Willd., and the invasive woody vine
L. japonica. The dominant herbaceous species, S. altissima, had less
than half of its average biomass in heavily invaded (P3 invasive
plant species) plots compared to less invaded plots (<3 invasive
plant species). Alternatively, biomass of the native shrubs
R. argutus and R. flagellaris nearly doubled and the non-native vine
L. japonica biomass increased nearly 2.5! in heavily invaded plots
(P3 invasive plant species) when compared to less invaded plots
(<3 invasive plant species; Table 2). The herbaceous:woody foliar
cover ratio for invasive species increased due to the 2! increase
in the two invaders C. varia and S. halepense, which offset the in-
crease in the woody invader L. japonica.

4. Discussion

We found that an increasing number of invasive plant species
was associated with changes in co-occurrence patterns of native
plant species and alterations of successional trajectories of old-
field communities. Our results suggest that an increasing level of
invasion (in terms of the number of different invasive species) in
old fields could alter interactions among native plant species, lead-
ing to an alteration of community successional trajectories by low-
ering the herbaceous:woody foliar cover ratio. As old fields
transition into forests, high levels of invasion might be problematic
and managers may consider decreasing the total number of
co-occurring invasive species in these transitional ecosystems.
However, characterizing old fields that are the most prone to high
levels of invasion might be a challenge. We found that models pre-
dicting the abundance of invasive plant species or invasive plant
functional groups had low explanatory power and high inconsis-
tency in the identity of abiotic and biotic predictors, even using a
wide suite of biotic and abiotic variables.

4.1. What abiotic and biotic factors shape the abundance of non-native
invasive species and invasive and native functional groups?

The abundance of individual invasive species and invasive and
native functional groups were generally poorly predicted by abiotic
and biotic variables. Though previous studies have shown positive
relationships between native and non-native species richness in
old fields (Souza et al., 2011a), our results indicate that the under-
lying mechanisms explaining the abundances of species might not
track those of richness. Differential responses of native and non-
native species to environmental drivers has been reported for other
early successional forested ecosystems (Parker et al., 2010) and
this may be because in this ecosystem, historical and ecological
processes govern the abundance of invasive species rather than
the environmental traits we measured. The introduction history
and initial propagule pressure (i.e., planting history) of the invad-
ers might better explain the overall abundance of invasive species
in these fields. For example, we failed to find a model explaining
E. umbellata abundance, which was originally widely planted for
erosion control and wildlife habitat (Orr et al., 2005). It is possible
that the introduction history of this species might better explain its
abundance in these fields (Lockwood et al., 2009). Interestingly, we
did not find a strong effect of periodic disturbance, the mowing of

Fig. 1. An increasing number of invasive plant species in 1-m2 plots in old-field
communities changed native plant species (black circles) organization from highly
segregated to random. Non-native invasive plant species (white circles) had
random assembly patterns across plots. Standardized effect sizes are measures of
the extent species co-occur more or less frequently than expected by chance and
larger C-scores indicate species are co-occurring less than expected. The dashed
lines represent 1.96 standard deviations, which is an approximation for statistical
significance.

Fig. 2. The ratio of herbaceous to woody plant cover decreased for all species and
native species as the number of invasive plants increased in 1-m2 plots in old field
ecosystems. The herbaceous:woody cover ratio for invasive plants increased as the
number of invasive plants increased. Letters above the bars represent differences at
a = 0.05.
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fields, on the abundance of native or non-natives species, although
disturbances can promote non-native species in other ecosystems
(Davis et al., 2000; MacDougall and Turkington, 2005). Mowing fre-
quency was sporadically included as an important variable in the
best models and had low predictive power in the models in which
it was included. Our findings corroborate recent reviews that sug-
gest disturbance may not be as important predictor of invasion as
once thought (Moles et al., 2012). Overall, our results show that for
these old fields, there may be no single explanation for the abun-
dance or occurrence of invasive plants and that manipulation of
environmental conditions (i.e., increased mowing frequency or
planting to increase native species richness) will not necessarily re-
sult in an overall decrease of the number of non-native invasive
species.

Of the 11 invasive plant species present in the old fields we
studied, two should be of particular concern for forest conserva-
tion. Both the woody vine L. japonica and the annual grass
M. vimineum are highly invasive in forested ecosystems in the
southeastern United States (Rudis et al., 2006) and their presence
in forest understories is associated with decreased native plant
richness and abundance (Dillenburg et al., 1993; Marshall et al.,
2009; Oswalt et al., 2007). Thus, if these species persist as old fields
transition into forests, their continued presence might prevent the
successful establishment of recolonizing understory forest herbs
(Flinn and Vellend, 2005; Flory and Clay, 2010).

4.2. How do multiple invasive species alter co-occurrence patterns of
native and non-native invasive species?

An increase in the number of invasive plant species was associ-
ated with the disassembly of native plant communities in old
fields. Native plants in 1-m2 plots with lower levels of invasion
showed segregated assembly patterns. As the number of invasive
species increased above three, native plant co-occurrence patterns
became indistinguishable from random. Segregated co-occurrence
patterns are common in plant communities (Gotelli and McCabe,
2002) and could be a consequence of two mechanisms: species
interactions or environmental filtering. Environmental filtering
includes species selection of preferred habitat types (i.e., habitat
filtering), differences in species dispersal abilities, or historical
disturbances that might preclude species from tolerating certain
habitats. Although, the C-score analysis describes patterns and
cannot determine the underlying mechanism, we argue that loss
of interactions among native species is more likely the cause of
disassembly in these old fields. If habitat filtering affected species
co-occurrence patterns, we would expect to find that changes in
invader richness correlated with abiotic changes across 1-m2 plots
in old-field communities. This was not the case for any of the abi-
otic variables we measured (P > 0.1). Likewise, our use of fine-scale
data within a single habitat type reduces the possibility that dis-
turbance or dispersal limitations might affect co-occurrence pat-
terns, because our plots were located in fields with similar

types of disturbance and species–specific dispersal limitations
should be random across plots. Finally, we found that in heavily in-
vaded plots the average biomass of the most dominant native spe-
cies, Solidago altissima, was nearly two times lower than when
compared to less heavily invaded plots (Table 2). Previous studies
show that removing S. altissima from old fields resulted in
increases of subdominant species biomass, evenness, and diversity,
which indicates that this species suppresses the abundance of
many species in old fields (Souza et al., 2011c). The decrease in bio-
mass of this competitively-dominant species further supports a de-
crease in competitive interactions within heavily invaded plots
leading to random patterns of associations among native plant
species.

Community disassembly by invasive species can have impor-
tant repercussions when disassembly is caused by loss of inter-
actions among native species (Rodriguez-Cabal et al., 2013;
Sanders et al., 2003). For example, the invasive succulent ice-
plant, Carpobrotus acinaciformis (L.) L. Bolus, causes community
disassembly in coastal dune systems (Santoro et al., 2012).
Backdune plant communities have segregated assembly patterns
in the absence of C. acinaciformis and random assembly patterns
in the invaders’ presence. As in our study, the presence of C.
acinaciformis is associated with a decrease in the foliar cover
of the dominant species in coastal dunes. Again, a decrease in
dominant species biomass could be associated with a decrease
in antagonistic interactions between the shrub and other back
dune plant species. The loss of competitive interactions, in dune
system and in the old fields in our study, could imply changes
in successional trajectories of these plant communities (Santoro
et al., 2012). Theory and empirical evidence suggest that compe-
tition, primarily for soil nutrients and light, is a critical mecha-
nistic component predicting plant population dynamics during
old-field succession (Tilman, 1990). Thus, loss of these compet-
itive interactions could ultimately reduce native diversity and
alter future trajectories of community development (e.g., succes-
sional dynamics).

Interestingly, invasive species had random assembly patterns
along the invasive richness gradient. A meta-analysis of studies
on native plant assembly patterns indicates native plant commu-
nities are frequently highly structured (Gotelli and McCabe,
2002), which is consistent with empirical evidence that shows
competitive and facilitative interactions are important compo-
nents structuring plant community dynamics (Bengtsson et al.,
1994; Brooker et al., 2008; Keddy and Shipley, 1989; Tilman,
1990). However, much less is known about interactions among
invasive plant species and how these interactions might shape
plant community assembly. It might be expected that strong
interactions among native plants are fostered by their shared
co-evolutionary histories (Cavender-Bares et al., 2009; Johnson
and Stinchcombe, 2007) and that invasive species may be less
likely to share evolutionary histories and thus less likely to have
strong interactions with one another. Of the limited studies on

Table 2
The number of invasive plants found in 1-m2 plots was associated with differences in the herbaceous:woody foliar cover ratios in old-field plant communities. The shift was due
to large (>50%) changes in the average cover of dominant herbaceous (h) and woody (w) species between plots with less than three or three or more invasive plant species. Rank
represents the species ranking based on average percent cover across 1-m2 plots and asterisks (⁄) denote non-native invasive species.

Plots with <3 invasive plants Plots with P3 invasive plants

Species Cover (%) Rank Species Cover (%) Rank

Solidago altissima (h) 15.8 1 Verbesina occidentalis (h) 16.0 1
Verbesina occidentalis (h) 10.8 2 Rubus argutus (w) 15.8 2
Rubus argutus (w) 7.8 5 Lonicera japonica (w)⁄ 8.9 3
Lonicera japonica (w)⁄ 3.8 8 Solidago altissima (h) 6.9 5
Rubus flagellaris (w) 3.4 9 Rubus flagellaris (w) 6.3 7
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invasive plant-plant interactions, there are reports of invaders
with overlapping native ranges having strongly competitive
(Belote and Weltzin, 2006; Besaw et al., 2011; Metlen et al.,
2013) or facilitative (Cushman et al., 2011; Tecco et al., 2006)
interactions in their non-native range, although these studies
do not explicitly test whether a shared co-evolutionary history
of the species is responsible for these interactions.

4.3. How do multiple invasive species alter successional trajectories in
old fields?

Increases in invader richness may increase rates of community
succession by significantly lowering herbaceous:woody cover ra-
tios of native species. As old-fields succeed to forested ecosystems,
herbaceous:woody cover ratios should decrease as woody trees
and shrubs become more dominant (Inouye et al., 1987; Meiners
et al., 2002). We studied fields of the same age and disturbance his-
tory and found that plots with higher invasive plant richness were
associated with significantly lower herbaceous:woody cover ratios
of native plant species. The change in herbaceous:woody cover ra-
tio occurred once the number of invasive plant species reached 3
species per 1-m2 plot, which coincides with our finding that native
plant species assembly patterns became random in plots with 3 or
4 invaders.

As with our finding on community co-occurrence patterns, the
herbaceous:woody foliar cover ratios of invasive species did not
follow the same trend as native species. As the number of invasive
plants increased in plots the herbaceous:woody cover ratio of
invaders increased as well, meaning that more heavily invaded
plots were associated with a higher proportion of herbaceous inva-
sive cover than less invaded plots. Species sampling was not likely
the cause of this difference because the proportion of herbaceous
species in the total native or invasive species pool were similar
(75% and 81%, respectively). In contrast to our findings, previous
old field successional studies show that native and non-native
functional groups have similar population dynamics throughout
succession in old fields (Meiners, 2007; Meiners et al., 2002;
Tognetti et al., 2010), suggesting that abundances of native and
non-native functional groups are governed by similar ecological
constraints and trade-offs (Davis et al., 2000; Thompson et al.,
1995). Studies in other successional ecosystems have found non-
native and native woody species do not have similar population
dynamics (McLane et al., 2012) and that some invasive species
can persist and increase in cover during succession (Tognetti
et al., 2010). In our study, we do not find similar dynamics between
native and non-native invasive species, which could be due to the
fact that we limited our analysis to the subset non-native invasive
species, which by their very definition behave differently than
other non-native species (Ortega and Pearson, 2005).

Overall, the total herbaceous:woody cover ratio for all species
decreased in plots with 3 or 4 invasive plants, which indicates that
increased invasive species richness is ‘speeding up’ succession by
increasing the proportion of native woody species in plots with
more invaders. If disassembly of native plants is due to the loss
of competitive interactions among co-occurring natives, this might
explain the change in herbaceous:woody cover ratios. Typically,
herbaceous plants with greater nutrient-acquisition abilities are
more dominant in younger fields such as the ones we studied
(these fields, though abandoned for more than 50 years, are
mowed frequently to maintain an early successional stage), while
older fields favor woody species that are more competitive in
light-capturing ability. The decrease in biomass of the competi-
tively dominant native herbaceous species, Solidago altissima, coin-
cided with the increase in biomass of the three most dominant
woody species in heavily invaded plots (i.e., three or more invasive
plant species), which explains the overall decrease in

herbaceous:woody cover ratios in these plots. Again, if competitive
interactions among native species (predominantly herbaceous) are
lost in plots with more than three invaders, then this might explain
the greater ability of woody species, both native and invasive, to
increase in biomass in heavily invaded plots.

5. Conclusions

Old-field communities are transitional ecosystems that if left
unmanaged will succeed into forest ecosystems. However, old-
field ecosystems are commonly invaded by numerous invasive
plant species, which could alter successional dynamics and affect
the characteristics of young forests derived from invaded old fields.
Here, we show that the number of invasive species in a plant
neighborhood can simultaneously disassemble native plant com-
munities, indicating a loss of interactions among native plants,
and decrease herbaceous:woody cover ratios, indicating a change
in successional dynamics. Because increasing the number of plant
invaders has potentially dramatic impacts on old-field successional
patterns, we suggest that managers should attempt to keep total
invasive plant richness low in old-fields if forest restoration is
the ultimate goal for old-field ecosystems. Because environmental
variables generally did a poor job predicting abundances of inva-
sive plants and invasive plant functional groups in old-fields, there
may be limited ‘‘silver bullet’’ options for management of multiple
invasive species in old-fields. Instead, managers may include tar-
geted management of specific invasive species to keep overall
invasive richness low. This may include direct management of
woody invaders to prevent accelerated succession to non-native
woody communities or direct management of non-native plants
that are most likely to persist under similar environmental condi-
tions in both old fields and young forests. Finally, determining how
continued anthropogenic disturbances, including field-scale
disturbances like mowing or landscape-scale disturbances like
nitrogen deposition and climate change, might assist or impede
non-native species management in old fields could be a fruitful
area of future research.
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