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Exotic plants are major constituents of species pools in modern landscapes. Managing succession for res-
toration of degraded ecosystems thus requires an understanding of novel trajectories unfolding in mixed,
native/exotic plant assemblages. We examined trends in native and exotic species abundance over
20 years of old-field succession on set-aside farmland in the Inland Pampa, Argentina. Changes in plant
cover and species richness were annually monitored on adjacent permanent plots established in different
years (1978-1989). Both native and exotic species occurred in early, mid and late successional stages,

Ié}ﬁsgﬁit exhibiting similar life-form replacement patterns, from annual forbs, through annual to perennial
v grasses. Exotic plant richness declined with plot age. Yet, four exotic grasses remained dominant through
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[nvasions succession (50-70% cover), with plots initiated in later years showing increased exotic cover. While

native perennial grasses occurred from the onset of succession, increasing from 5 to 12 spp/plot, they
only showed transient peaks below 30% cover. Cluster analysis of 113 plot-year samples identified alter-
native community states for early, mid and late successional stages, which were connected by a complex
network of interweaving dynamic pathways. Depending on the plot, vegetation dynamics comprised
directional temporal trajectories as well as nondirectional pathways, and arrested community states
dominated by exotic grasses. Our results illustrate the overwhelming role of exotic species in modern
old-field succession, and their potential to hinder recovery of native communities on former agricultural
land. Community states with novel, native/exotic plant mixtures could be managed to deliver specific
ecosystem services (e.g. forage production, carbon sequestration). However, meeting conservation goals
may require active restoration measures, including exotic plant removals and native grass seeding.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction pathways of vegetation change leading towards desirable states

(Young, 2000; Cramer et al., 2008). In particular, there is a need

Efforts to conserve and restore native vegetation in degraded
habitats are hampered by the lack of long-term data on secondary
succession unfolding in novel ecological scenarios (Pickett et al.,
2001; Suding et al.,, 2004). Modern successional pathways are
influenced by species pools, habitat conditions and biotic interac-
tions that are no longer the same that shaped the original commu-
nities. In present-day anthropogenic landscapes, native plant
communities have been reduced to small, semi-natural remnants,
whereas exotic plants have become widespread (Foley et al.,
2005; Kareiva et al., 2007). Invasion by exotic species may alter
patterns of vegetation recovery in disturbed sites (Cramer et al.,
2008), even where native species are able to recolonize through
natural dispersal (Foster, 1999; Meiners et al., 2002; Corbin and
D’Antonio, 2004; Kulmatiski, 2006). Knowledge of the character
of succession in invaded habitats can be used to inform restoration
(Lockwood and Pimm, 1999; Prach et al., 2001) by identifying
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to better understand successional trajectories in mixed, native/
exotic communities, and to identify novel vegetation states that
may provide various management opportunities and ecosystem
services (Young et al., 2001; Foley et al., 2005).

Exotic plant species may contribute to community dynamics at
different stages of succession. The realized ‘successional niche’
(Pacala and Rees, 1998) of native and exotic species will reflect life
history attributes represented in the respective species pools
(Daehler, 2003; Huston, 2004), as well as interactions during the
assembly process (Corbin and D’Antonio, 2004; Cramer et al.,
2008). Fig. 1 depicts simplified successional patterns for exotic
vs. native plant dominance, assuming that species can be roughly
assigned to ‘early’ and ‘late’ successional niches (Pacala and Rees,
1998). Firstly, exotic plants often behave as ruderal species invad-
ing disturbed sites (Rejmanek, 1989; Daehler, 2003; Fig. 1a), but
are eventually displaced by slow-growing native perennials (Mein-
ers et al,, 2002; Sarmiento et al., 2003). Second, exotics may reach
dominance after a transient period of prevalence by native colo-
nists (Fig. 1b), a pattern that may reflect invasion by long-lived,
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Fig. 1. Simplified models for successional dynamics of native vs. exotic plants. (a) Exotics acting as pioneer species; (b) long-lived exotics become dominant in later seral
stages; (c) exotics with different life forms outperform natives throughout succession; (d) natives and exotics coexist across all seral stages; (e) exotics chronically present but

contributing little to community dominance.

exotic species (e.g. Vitousek and Walker, 1989; Meiners et al.,
2002). Third, as exotic species pools often comprise functionally di-
verse taxa (Grime, 1998; Huston, 2004), exotics may share the
dominance with equivalent native species at different seral stages
(Fig. 1c). Indeed, exotics could locally coexist with natives through
various mechanisms (Pacala and Rees, 1998; MacDougall et al,,
2009). Fourth, exotics with different life strategies might displace
their native counterparts throughout succession (Fig. 1d), due to
their higher fitness under current environmental conditions (Daeh-
ler, 2003; MacDougall et al., 2009). Lastly, exotics might be chron-
ically present whilst having little influence on community
dynamics (Fig. 1e; cf. Ortega and Pearson, 2005). These patterns as-
sume that native species typical of different successional stages are
not limited by seed availability at the disturbed site. However, in
fragmented landscapes, dispersal limitation of native species could
reinforce exotic dominance through succession (Seabloom et al.,
2003; MacDougall and Turkington, 2005; Standish et al., 2007).

Examining the prevalence of these broad patterns is important
because of their varied management implications (Suding et al.,
2004; Cramer et al., 2008). However, few long-term studies have
focused on exotic plant dynamics during succession. Work con-
ducted in North American old fields show that early exotic colon-
isers are usually replaced by native perennial grasses or woody
plants after ~10-20 years of succession (e.g. Inouye et al., 1987;
Collins, 1990; Meiners et al., 2002; Kotanen, 2004; but see Gross
and Emery, 2007). Native vegetation recovery has been also ob-
served in cultivated fields of the tropical Andes (Sarmiento et al.,
2003). In contrast, in systems such as California annual grasslands
(Seabloom et al., 2003), oak savannas in Canada (MacDougall and
Turkington, 2005), New Zealand semi-natural grasslands (Wilson
et al., 2000), Australian eucalypt woodlands (Standish et al.,
2007) and Mediterranean old fields (Domenech et al., 2005), exotic
plants appear to have taken over historically disturbed sites, estab-
lishing novel vegetation states (Cramer et al., 2008). Whereas most
successional studies to date have relied on ‘space-for-time’ substi-
tutions, continuous surveys on permanent plots have been lacking
for assessing the role of exotics at various stages of succession
(Pickett et al., 2001; Meiners et al., 2002).

We examined 20 years of vegetation changes during old-field
succession in the Inland Pampas of eastern Argentina, a landscape
extensively transformed to agriculture. Prior work in this system
focused on early-successional stages driven by exotic annuals
(D’Angela et al., 1986; Facelli and D’Angela, 1990; Omacini et al.,
1995). Here, we document long-term trends in plant cover and
species richness to determine the extent to which exotic and native
plants dominated different stages of succession on set-aside farm-
land. Specifically, we asked: (1) What is the life-form profile and

overall rank-abundance of exotic and native species? (2) Do exotic
and native species show different life-form replacement patterns
over time? (3) Is there a predictable, directional shift in dominance
from exotic to native plants during succession?, or Is there any evi-
dence that native vegetation recovery might be halted? (4) What
alternative community states occur at different stages of succes-
sion, and what kind of trajectories connect those vegetation states?

Our analysis was based on annual vegetation surveys conducted
during 1979-2004 in eight old-field plots established over a 12-
year period. We focused on life-form (defined by species’ growth
form and life span) abundance patterns because these may provide
a more realistic goal for vegetation restoration (as opposed to
restoring specific taxa), where the original flora has been pro-
foundly disrupted by land-use history (Lockwood and Pimm,
1999). Vegetation trajectories were further examined at the spe-
cies level in order to identify alternative community states at dif-
ferent stages of old-field succession.

2. Methods
2.1. Study site

The study was conducted at Estancia San Claudio, a farm man-
aged by the University of Buenos Aires located in the Inland Pampa,
Buenos Aires, Argentina (36° 00’ S, 61°5’ W). The climate is temper-
ate subhumid, with ~1022 mm annual precipitation for the last
25 years. Mean monthly temperatures vary from 7.2 °C in July to
23.8 °C in January. Soils in cultivated upland sites are Typic Hap-
ludolls (or Haplic Phaeozem, FAO system) developed from loess
materials, with a deep and well-drained upper horizon, rich in or-
ganic matter (Soriano, 1992). The landscape is a mosaic of crop
fields, sown pastures and semi-natural grasslands used for live-
stock grazing. The original vegetation was a mesic grassland made
up of a diverse mix of perennial tussock grasses (Parodi, 1947;
Soriano, 1992). Relict (unplowed) native grasslands are scarce
and largely confined to corridors along old railway tracks and road-
sides. The regional flora comprises many naturalized, nonnative
species mostly from central Europe and the Mediterranean (Rapo-
port, 1996; Ghersa and Le6n, 1999; Prinzing et al., 2002). Exotic
species represent about 25% of the regional vascular flora (Rapo-
port, 1996).

The study system comprised 10 adjacent plots located at the
centre of a 290-ha field, which was cultivated for at least 60 years.
Since the beginning of the study in 1978, crop rotations involved
wheat, maize, sunflower and soybean. In 1990-1995, the field
was turned into pasture and managed for cattle. Each year between
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1978 and 1989, excepting 1985-1986, one 40 x 100 m plot was
left fallow and fenced to exclude domestic grazing (Table 1). Newly
fenced plots were adjoined by their longest side, forming a large
strip of uncultivated habitat surrounded by crop land. The closest
remnant of unmanaged native grassland with a rich mixture of
perennial grasses (~34 species) was located 5 km north-west of
the study site. However, many native grass species persist as small,
fragmented populations embedded in the agricultural matrix (e.g.
Poggio et al., 2010). Thus, propagules of native species were avail-
able in the surrounding landscape, though probably in low num-
bers. Old-field vegetation was sampled annually in late spring
(December), allowing for the high richness of winter-spring spe-
cies. At the time of sampling, summer species just started flower-
ing but were identifiable by vegetative traits. In each plot, the
percent cover of all vascular plant species was estimated for
20 quadrats (1 m?) placed at random along four parallel transects;
these estimates were averaged before analysis. Sampling was
interrupted during a period of severe floods in 1985-1986. For
the present study, we used data from eight plots, excluding plots
C and D, which were accidentally burned shortly after abandon-
ment; for the same reason, sampling in the oldest plots (A and B)
was discontinued. Thus the number of replicates for any given
age ranged 2-8 plots (Table 1).

2.2. Data analysis

Plant species were classified as native or exotic according to
their geographical origin. Exotics were all species originating from
other continents, including taxa from Eurasia, Africa, Australia and
Central America. Species were ranked in order of relative abun-
dance based on their average cover across all plant surveys (=113
plot-year samples). An overall species rank-abundance distribution
was then constructed to assess exotic and native species presence
amongst dominant, subordinate and transient (rare) species
(Grime, 1998). Species were also classified by growth form into for-
bs and grasses (all monocots), and by life span into annuals
(including biennials) and perennials, which resulted in four major
life-form groupings. A maximum likelihood 2 test was performed
to test whether native and exotic species pools differed with re-
spect to the proportions of these life forms.

The overall pattern of succession was examined by taking each
plot as a replicate. For each successional age (number of years since
last crop), the mean cover (tstandard error) and species number
(richness) of native and exotic plant groups were computed for
plots reaching that age in different calendar years (D’Angela
et al., 1986; Omacini et al., 1995). We looked for consistent trends
in native and exotic plant groups within and among plots using lin-
ear mixed models (Pinheiro and Bates, 2002; Crawley, 2007).
Changes in plant cover and richness were evaluated as a function
of plot age (1-20years) and year of abandonment (coded 1-8),

Table 1
Plots used to study patterns of vegetation recovery during old-field succession in the
Inland Pampa, Argentina.

Plot Last crop Year? Sampling (plot age) n

A Sorghum 1978 [1]2-7 [8,9] 10 7
B Maize 1979 1-6 [7,8] 9 7
E Maize 1982 1-3[4,5] 6-17 15
F Maize 1983 1-2 [3,4] 5-20 18
G Sunflower 1984 1[2,3] 4-20 18
H Wheat 1985 [1,2] 3-19 17
I Sunflower 1988 1-16 16
] Sunflower 1989 1-15 15

? Year in which the plots were abandoned from agriculture. Each plot was
annually sampled for plant cover in December (late spring), except for successional
ages shown in brackets. n = number of data points per plot used in the analyses.

with both these factors modelled as random effects. The year of
abandonment (see Table 1) could affect succession through initial
conditions, climatic history and propagule availability, including
the influence of previously established plots (Pickett et al., 2001),
and reflected the temporal sequence in which the plots were estab-
lished at the study site (Facelli and D’Angela, 1990; Omacini et al.,
1995). A significant ‘plot effect’ would thus be interpreted as a con-
sistent trend in average plant cover or richness among study plots,
irrespective of plot ages. The number of data points for a given plot
varied between 7 and 18 (Table 1). Furthermore, our study design
implied a certain amount of temporal autocorrelation within plots.
Hence, we used a first-order autoregressive correlation structure
(Pinheiro and Bates, 2002) to model the effect of successional age
on vegetation variables. The model goodness-of-fit was examined
through the correlation between predicted and observed values,
and was tested using approximate likelihood-ratio tests (Crawley,
2007). Residual analyses revealed non-linear trends in the cover
of various plant groups, which were accounted for by including a
quadratic term for plot age. Analyses were conducted using the
Ime function in the Ime4 package of the R statistical software (Bates
et al., 2008).

We used hierarchical cluster analysis to identify alternative
community states during succession (Austin, 2005). All vegetation
censuses (n =113 plot-year samples) were classified through the
furthest-neighbour method using a cut-off point of 25% of the max-
imum group distance (McCune and Mefford, 1999). This method
applies an agglomerative algorithm in which the compositional
distance between groups of samples (clusters) is defined by the
greatest pairwise distance between members in each group. The
procedure emphasizes differences between clusters and is best
suited for dissecting complex datasets into clear-cut units (Greig-
Smith, 1983; Austin, 2005). We used Sorensen’s quantitative dis-
tance measure, which is appropriate for heterogeneous data sets.
Species occurring in less than 5% of the samples were excluded,
yielding 99 species for analysis. To summarize the dynamic rela-
tions among vegetation states, we calculated transition probabili-
ties from the particular temporal paths followed by each study
plot. The transition probability (p) between two states, or clusters,
was computed as:

Pm-n = Km-ﬂ/Tm

where K,,,_, is the number of plots that moved from state ‘m’ to state
‘n’ between two consecutive years, and Ty, is the total number of
samples classified into state ‘m’. We also calculated the probability
of a plot remaining in a given state for two consecutive years as
the number of times a plot remained within cluster ‘m’ from one
year to the next divided by the total number of samples in that
cluster. This allowed us to identify vegetation states in which
succession might be temporarily arrested, as well as to detect
community states that were revisited at different times within the
time-frame of study (nondirectional trajectories). Note that since
end-point samples along a given plot trajectory, by definition, did
not change their community state at the time of last sampling, p
values for some states may not sum up to 1.

3. Results
3.1. Composition of the successional flora

Exotic species were a major component of old-field communi-
ties. We recorded a total of 149 herbaceous species, of which 40%
were introduced to the original pampas. Although exotics occurred
in all life-form groupings (Fig. 2a; see Supporting data Table S1),
the life-form composition of the native and exotic species pools
differed substantially (2 =33.9, P<0.0001, df=3). From a total
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Fig. 2. Overall contribution of native and exotic species to the successional flora. (a)
Number of native and exotic species by life form and life span. (b) Species rank-
abundances from the relative mean cover of all species recorded in 113 plot-year
samples (exotics slightly displaced for clarity).

of 59 exotics, most (71%) were annuals and 60% were annual forbs
(Fig. 2a). In contrast, the native species pool (89 spp) was domi-
nated by perennial taxa (74%). Old-field plots harboured 23 native
perennial grasses (including 12 other monocots); most native spe-
cies were annual or perennial forbs (Fig. 2a; Table S1).

Exotics occurred throughout the species rank-abundance distri-
bution. Indeed, abundance curves for native and exotic species
were strikingly similar (Fig. 2b). Overall, the two most abundant
species were the exotic grasses Cynodon dactylon and Lolium multi-
florum. Among the top 16 ranked species (>1% mean cover), 10
were exotics and seven were annual/biennial taxa (five exotic).
The highest ranked native was the short-lived perennial Bromus

Table 2

catharticus, which only attained half the cover of the top two exot-
ics. Other native grasses of the pristine pampas were placed much
lower (below the 30th species) in the rank-abundance distribution.

3.2. Overall pattern of succession

Total plant richness decreased over successional time (Table 2).
On average, old-field communities experienced a net loss of about
one species per year. After 15 years of succession, richness de-
creased from about 42 spp to less than 25 spp/plot. This trend
was largely explained by a decline in annual species (from 26 to
6 spp/plot, r* = 0.85, P < 0.0001). Perennial plant richness averaged
18 spp/plot showing no temporal trend (1? = 0.04). Both exotic and
native plant richness decreased along succession (Table 2, Fig. 3a).
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Fig. 3. Trends in total plant richness (a) and absolute cover (b) of native and exotic
species during old-field succession in the Inland Pampa. Data show means * SE for
plots reaching a given age in different years (n = 2-8).

Linear mixed-effect models for the influence of successional time (age) and year of abandonment (plot) on native and exotic plant richness and absolute cover in old-field
communities of the Inland Pampa, Argentina. For each model (n=113), values show partial linear coefficients for each factor, correlation coefficient between predicted and
observed values (r) and likelihood-ratio statistic (LR). Non-significant quadratic terms (P > 0.10) were excluded from final models.

Life form Species richness Plant cover
Age Plot r LR Age Age? Plot r LR

All species -0.93"" -0.25 0.562 28.90"" 3.987" -0.15"" 3.097" 0.706 60.30""
All natives —0.22" -0.16 0.251 7.45 —2.03" 0.12"" 0.18 0.334 9.39"
All exotics -0.71""" —0.08 0.749 93.14™" 596" -0.27"" 3.03" 0.588 36.85""
Native annual forbs -0.26"" -0.03 0.628 56.79"" —3.277 013" 0.37 0.564 4327
Exotic annual forbs -0.57""" -0.14 0.791 111.15™ —2.84""" 0.09""" —0.76" 0.623 4395
Native annual grasses - - - 3.01 - - - - 3.11"
Exotic annual grasses —0.05™"" —-0.05 0.405 20.34™ 3.64"" -1.64""" —2.22" 0.518 29.52"""
Native perennial forbs -0.19"" —-0.13 0.453 23.69"" -1.53"" 0.08™" -0.17 0.391 18.96""
Exotic perennial forbs -0.15""" —-0.05 0.548 39.84™" -0.90"" = 1.79" 0.592 36.43""
Native perennial grasses 0.24"" 0.04 0.501 30.29" 2.82" —0.08" 0.09 0.487 24317
Exotic perennial grasses 0.06™"" 0.21" 0.641 32.13™ 5717 -0.19"" 325" 0.808 101.99""

" P<0.05.
" P<0.01.
" P<0.001.
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The net species loss rate was significantly higher for exotics than
for natives (difference between slopes, Fy, 222 =22.2, P<0.0001).
As a result, in older communities native plant richness doubled
the exotic richness (Fig. 3a).

Total plant cover increased up to 85-90% after seven years of
succession and remained so in older communities. Regardless of
plot age, total plant cover tended to be higher in study plots that
initiated succession in more recent years (Table 2). Exotic species
consistently accounted for a large fraction (>50%) of the total plant
cover, nearly doubling the native cover for the first 16 years of suc-
cession (Fig. 3b). Yet exotic plant cover depicted a quadratic pat-
tern with a tendency to decrease in older communities (Table 2,
Fig. 3b). Native species only matched the cover of exotics at the
beginning and in later stages of succession.

P.M. Tognetti et al./Biological Conservation 143 (2010) 2494-2503

3.3. Trends in exotic vs. native plant richness

The richness of all forb species groups decreased over time (Ta-
ble 2), but this trend was especially pronounced for exotic annual
forbs, which were the most diverse group during early succession
(Fig. 4a and c). The richness of annual grasses was consistently low,
regardless of plant origin (Fig. 4b). Both native and exotic perennial
grasses significantly increased their mean richness with plot age
(Table 2, Fig. 4d). However, native grasses outnumbered their exo-
tic counterparts throughout the study; exotic grasses generally
comprised only 4 spp/plot, whereas native perennial grasses in-
creased from nearly 5 to 12 spp/plot (Fig. 4d).

The year of plot abandonment had only a small influence on
plant species richness. As indicated by a significant ‘plot’ effect
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Fig. 4. Successional trends in plant richness (a-d) and absolute cover (e-h) of native and exotic species grouped by life form and life span. Annual forbs (a and e), annual
grasses (b and f), perennial forbs (c and g) and perennial grasses (d and h). Data show means + 1 SE, as in Fig. 3.
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(Table 2), on average, the richness of exotic perennial grasses in-
creased in more recently established plots (e.g. I and ]), relative
to that observed in plots abandoned in earlier years (e.g. A and B,
see Table 1).

3.4. Changes in exotic vs. native plant abundance

There was an overall trend for annual forb species to be re-
placed by perennial grasses (Table 2, Fig. 4e-h). Both exotic and na-
tive annual forbs declined abruptly within two years of succession,
although exotics persisted at higher cover values (Fig. 4e). Con-
versely, after a rapid early increase, exotic annual grasses remained
a major component of these plant communities within the time-
frame of study (Fig. 4f). The perennial vegetation matrix was made
up of both native and exotic species. Exotic perennial forbs were
more abundant than their native counterparts during earlier stages
of succession, whereas the reverse was true in later stages (Fig. 4g).
Exotic perennial grasses depicted a strong unimodal pattern over
time (Table 2) and dominated mid-successional communities
(Fig. 4h). Native perennial grasses increased up to 25-30% within
10 years of succession and then levelled-off, becoming slightly
more prevalent in older plant communities (Fig. 4h).

Only three native grasses attained substantial cover (>10%) dur-
ing succession (Fig. 5). Tussock grasses common in the pristine
grassland generally exhibited very low cover (<3%) in our study
plots (see Table S1). Exotic species with different life forms played
a dominant role at different stages of succession (Fig. 5). The
broad-leaved forbs Carduus acanthoides and Hypochaeris radicata
prevailed in early and mid-successional stages. The perennial
grasses C. dactylon, Sorghum halepense and Festuca arundinacea be-

came dominant in mid to late-seral stages, even though they colo-
nized shortly after abandonment. Lastly, the annual grass L.
multiflorum exhibited a persistent, cyclical pattern, with peaks up
to 45% cover occurring every 5-7 years of succession (Fig. 5).

The year of abandonment significantly affected the cover of
exotic species per plot. A positive ‘plot’ effects on exotic perennial
grasses and forbs (Table 2) indicated that, on average, these groups
became more abundant in those plots initiating succession in more
recent years. Conversely, the negative plot effect for exotic annual
forbs and grasses signified that these pioneer groups attained low-
er covers in newly established plots (Table 2).

3.5. Vegetation states and successional pathways

Cluster analysis produced 10 groups of samples (or vegetation
states), which corresponded to early, mid and late successional
stages, according to plot ages and mean floristic distances among
clusters (Fig. 6; Table S1). Each cluster included samples from dif-
ferent study plots. Succession initiated from three alternative
‘early’ states dominated by exotic and native forbs (Fig. 6;
Table S1). The ‘mid’ successional stage comprised four clusters
with plots ranging 3-19 years old. These communities were vari-
ously dominated by annual and perennial exotic species, and a
few native grasses (Table S1). ‘Late’ vegetation states comprised
three clusters of plots ranging 6-20 years old, which were charac-
terized by perennial grasses or forbs, and occurred in different
localities within the study area (Fig. 6). Only one state (L3) con-
tained a high proportion of native species, and these were typical
of lowland habitats. Most vegetation states had exotics among
their dominant species, whereas those dominated by native spe-
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Fig. 5. Dynamics of dominant native and exotic plant species during old-field succession. Data show mean cover per plot for native (solid symbols, upper panels) and exotic
(open symbols, middle and lower panels) plant species. Error bars were omitted for clarity.
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Fig. 6. Summary model for 20 years of succession on set-aside farmland in the Inland Pampa. Boxes represent early (E), mid (M) and late (L) successional community states
identified by cluster analysis, with states labelled by their main indicator species. Thick lines highlight states comprising the largest number of samples. Arrows depict
transitions between states and their associated probabilities; bow arrows show the probability of a plot persisting in the same state between consecutive years. Insets:

successional paths followed by three representative study plots.

cies (E2, M2, M3 and L3) comprised a small (<7%) fraction of all
samples (see Fig. 6).

Different study plots often followed alternative successional
paths (Fig. 6: insets), but there still were repeatable vegetation
states. Communities dominated by the exotics L. multiflorum and
C. dactylon were central to the system’s dynamics; together, these
comprised 67% of all samples (Fig. 6; Table S1). The Lolium (M1)
and Cynodon (L1) states occurred in all the trajectories, but ap-
peared at different successional ages depending on the specific
plot. The Cynodon states (M4 and L1) showed the largest internal
‘loops’ (Fig. 6), indicating that these communities retained their
composition over several years.

4. Discussion

This long-term study assessed the potential for recovering na-
tive grassland communities through old-field succession. One pos-
sible outcome was that early-successional weeds, comprising both
exotic and native annual forbs, would be replaced by native peren-
nial grasses immigrating from seed sources scattered within the
agricultural matrix (Poggio et al., 2010). We have monitored up
to 20 years of vegetation changes in plots established over a 12-
year time span. Exotic species not only dominated early seral
stages but were also a major component of older communities,
thus pervasively dominating succession on set-aside farmland
(Fig. 1d). Although several native prairie grasses were present from
the outset (Omacini et al., 1995), these remained relatively rare
throughout the study. These results suggest that recovery of native
grasslands in the Inland Pampa may not be just a matter of time (cf.
Kotanen, 2004) but may require active restoration strategies (Sud-
ing et al., 2004; Cramer et al., 2008). This lack of recovery counters

the outcome of succession reported for other pampean grasslands
in less fragmented landscapes, in which native plant communities
were re-assembled within a few years after management cessation
(Chaneton et al., 2001).

4.1. Rank-abundance status of exotic species

The similarity in rank-abundance structure between native and
exotic species pools (Fig. 2b) illustrates the extent to which intro-
duced species may contribute to create novel plant assemblages in
disturbed habitats (Hobbs et al., 2006). Exotics occurred as domi-
nant, subordinate and transient species, a pattern that would re-
flect the presence of both ‘strong’ and ‘weak’ invaders (Ortega
and Pearson, 2005; MacDougall and Turkington, 2005). This sug-
gests that exotic species may play various roles in ‘modern’ succes-
sional systems. The mass-ratio theory (Grime, 1998) posits that
species in different abundance categories play distinct ecological
roles. Dominant species would be major determinants of commu-
nity structure. Subordinate species occupy interstitial microhabi-
tats left by the dominants and together with the least abundant,
transient species, may influence early community assembly and
the potential recovery of late-successional plants (Grime, 1998;
Corbin and D’Antonio, 2004).

4.2. Life-form dynamics of exotic and native plants

Most exotics were annual or biennial forbs with subordinate or
transient roles at the whole-system level (Fig. 2). Exotic plant inva-
sions are often associated with disturbances and high resource
availability (Daehler, 2003; Huston, 2004; Blumenthal, 2006), and
hence short-lived exotic species often prevail in early-successional
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habitats (Rejmanek, 1989; Meiners et al., 2002). The initial dynam-
ics of succession (see Fig. 4e) suggest that exotic annuals may per-
form better than native ruderal species in exploiting conditions
created by agricultural disturbance. The Pampas have been in-
vaded by a rich flora of fast-growing Eurasian forbs, which appear
to be pre-adapted to current disturbance regimes (Rapoport, 1996;
Prinzing et al., 2002). An experiment combining seed and nutrient
additions at the onset of succession showed that, in this system,
exotic ruderal forbs outperform their native counterparts under re-
source-rich conditions (Tognetti and Chaneton, unpublished data).

Pioneer exotic forbs were mostly replaced by exotic grasses
from disparate biogeographic origins. These included the annual
L. multiflorum (Mediterranean), the prostrate clonal C. dactylon
(Africa), the tall rhizomatous S. halepensis (Eastern Mediterrane),
and the tussock pasture grass F. arundinacea (Europe), which made
up novel but persistent community types (see also Kulmatiski,
2006). Native and exotic species displayed broadly equivalent
life-form sequences occupying early, mid and late successional
stages (Fig. 4e-h). These patterns are consistent with the view that
exotic and native species may show similar population dynamics
during succession (Meiners, 2007). The extended dominance by
exotic plants in this old-field system was in stark contrast with
trends reported for other temperate systems (Inouye et al., 1987;
Collins, 1990; Prach et al., 2001; Meiners et al., 2002). Although
only a few exotic grasses dominated late-seral stages, these species
outperformed a richer assemblage of co-occurring native grasses
(Fig. 4). Several native perennial grasses colonized after the cessa-
tion of agriculture, but they rarely attained dominance except for
short periods (see Fig. 5; Omacini et al., 1995).

The low abundance of perennial grasses typical of pristine pam-
pas might be accounted for by different factors. First, seed-limited
dispersal can determine the lack of recovery of native plants in
extensively transformed landscapes (Seabloom et al., 2003; Mac-
Dougall and Turkington, 2005; Standish et al., 2007). It is then pos-
sible that distance to remnant seed sources and local propagule
availability (D’Angela et al., 1988) would be limiting the chances
of re-establishing native grass populations. This hypothesis was
supported by seed addition experiments conducted at different
stages of old-field succession (Tognetti and Chaneton, unpublished
data). Second, rapid invasion by exotics may prevent re-coloniza-
tion by native grasses through priority effects (Kulmatiski, 2006;
Cramer et al., 2008). Moreover, exotic grasses may be better com-
petitors than putative native dominants under current conditions
(Daehler, 2003; MacDougall et al., 2009), which could explain
why several native grasses failed to increase despite being present
from the beginning of succession (Foster, 1999). This idea is consis-
tent with a study in which the old-field initial composition was
manipulated by sowing different mixtures of native and exotic spe-
cies. Seed sowing allowed recovery of a native grass-dominated
community, unless exotic perennial grasses were included in the
initial mixture. The latter condition generated an alternative com-
munity state strongly dominated by introduced forage grasses
(Tognetti and Chaneton, unpublished data). If exotics occupy sim-
ilar niches as their native counterparts but exhibit higher fitness,
then modern successional systems might offer little opportunities
for coexistence of native and exotic species (MacDougall et al.,
2009). The observed slow increase in native grass richness
(Fig. 4d) further suggests that their full recovery could be enhanced
by removing exotic grasses through prescribed disturbances
(Young et al., 2001; Gross and Emery, 2007).

The same life-form sequence was broadly repeated among adja-
cent plots, although plots that initiated succession in more recent
years exhibited increased dominance by exotic perennial grasses
(Tables 1 and 2). We do not know what factors have driven this
pattern, yet conditions favouring exotics appeared to have been
reinforced in recent times. This temporal trend in invasion magni-

tude may reflect the influence of large-scale processes such as cli-
matic change and agricultural intensification (Ghersa and Leén,
1999; Hobbs et al., 2006). Indeed, successional plots were invaded
by F. arundinacea only after the surrounding field was converted
into pasture in 1990-1994 (see Fig. 5). Local population processes
including spread from adjacent plots (Pickett et al., 2001) likely
contributed to accelerate grass invasions.

4.3. Trends in exotic vs. native plant richness

Total species richness decreased with successional age, being
driven by the loss of both exotic and native forb species (Fig. 4).
These pioneer plants emerge in early spring or autumn, and there-
fore their regeneration may be interfered by the increased cover of
fast-growing exotic grasses (Fig. 5; Chaneton et al., 2001). This pat-
tern was consistent with the faster decline of exotic annual forbs
observed in newly established plots dominated by invasive grasses
(see Table 2). The impact of exotic grass mixtures on the richness of
short-lived plants may be associated with their ability to produce a
thick litter layer in different seasons (Foster and Gross, 1997; Wil-
sey et al., 2009).

The overall loss of early-successional native and exotic forbs
suggests that their dynamics might be governed by similar pro-
cesses (Pacala and Rees, 1998; Meiners, 2007). However, the much
faster decrease of exotic annuals (Fig. 3b) also suggests that differ-
ent mechanisms could maintain native and exotic species richness.
Wilsey et al. (2009) showed that short-term diversity losses in
all-exotic plant assemblages were more pronounced than in
equivalent, all-native assemblages. Competitive exclusion of weak
invaders by exotic grasses may reflect lack of niche complementar-
ity among species that did not share a coevolutionary history
(Wilsey et al., 2009). The lower extinction rate of native annual
forbs might be due to subtle differences in life-history strategy
allowing them to persist by exploiting ephemeral resources in
the presence of exotic grasses (MacDougall et al., 2009).

4.4. Alternative trajectories and community states

Whereas plant life forms showed broadly repeatable patterns
across study plots, at the species level, individual plots followed
various temporal trajectories (Fig. 6). Such differences in the pre-
dictability of successional pathways has been associated with the
stochastic influence of environmental fluctuation and species dis-
persal (Pickett et al., 2001), as opposed to the deterministic sorting
of functional traits (Fukami et al., 2005). Cluster analysis identified
alternative community states connected by a complex network of
interweaving pathways. The system dynamics comprised direc-
tional temporal trajectories as well as nondirectional loops, as de-
picted by plots returning to a community state already ‘visited’ in
prior years (Fig. 6: insets). A striking example were the plots estab-
lished during 1978-1983, in which vegetation dynamics was partly
driven by fluctuations in L. multiflorum cover (Fig. 5). Further, old-
field succession often became temporarily arrested when domi-
nated by exotic grasses. The prevalence of L. multiflorum and C
dactylon during mid succession (Fig. 6) suggests a high degree of
community inertia likely associated with the presence of highly
competitive exotic species (von Holle and Simberloff, 2004). The
greater directionality of succession in more recently established
plots (1984-1989) might reflect the fact that those plots had a
large cover of perennial grasses and a lower cover of annual forbs
(Table 2).

4.5. Management implications

Patterns of exotic and native plant dominance in the Inland
Pampa illustrate the overwhelming role that invasive species can
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play in modern succession. Given the extent of the human foot-
print on the Earth’s ecosystems (Kareiva et al., 2007), the kind of
exotic plant-driven dynamics described here may become rather
common, unless propagule sources for historically dominant na-
tive species are preserved and management efforts are directed
to promote their re-establishment (Suding et al., 2004; Cramer
et al., 2008). Our results suggest important lessons for the restora-
tion of semi-natural vegetation on set-aside land. However, we
concur with previous analyses in that restoration must be guided
by clear goals (Lockwood and Pimm, 1999; Prach et al., 2001;
Young et al., 2001).

If the goal were preserving native plant biodiversity, the perva-
sive occurrence of exotic species filling different successional
niches may strongly hinder the possibility of recovering native
communities through succession. In highly fragmented landscapes
like the Inland Pampas, the system may have crossed a biotic
‘threshold’ towards an alternative state defined by a novel set of
(exotic) plant species (Cramer et al., 2008). Thus, restoration would
require large subsidies involving the addition of native grass seeds
and the control of certain exotic species in order to accelerate suc-
cession. The challenge remains to identify successional states most
susceptible to invasion by native grasses, provided seeds are added
in sufficient quantities (Seabloom et al., 2003). We suggest that
early community states might be targeted for sowing native
grasses. Restoring native grass communities would be more feasi-
ble if measures are taken to prevent establishment by exotic grass
species.

On the other hand, if we were interested in restoring ecosystem
functions, then alternative vegetation states with novel plant mix-
tures could be managed to deliver specific services. It may thus be
possible to restore desirable functions associated with certain
plant functional groups, regardless of the species’ origin (Lockwood
and Pimm, 1999; Suding et al., 2004). For instance, in our system,
fast-growing exotic grasses invading after a few years of succession
may be encouraged for fodder production. This could be achieved
using mowing, prescribed burns, or grazing animals as manage-
ment tools to halt succession at desired states. We recognize that
this approach may need a drastic shift in current perspectives on
the role of exotic plants in modern ecosystems.

Acknowledgements

We thank the many people that collaborated in the field sam-
pling and the staff at Estancia San Claudio for logistic support dur-
ing three decades of research. Three anonymous reviewers
provided many helpful comments to improve the manuscript. This
work was funded by Consejo Nacional de Investigaciones Cientifi-
cas y Técnicas (PIP 2331), Agencia Nacional de Promocién Cientifi-
cay Tecnolédgica (BID 1728 OC-AR PICT 20-32083), Universidad de
Buenos Aires (G-024 and G-046) and Fundacién Antorchas.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.biocon.2010.06.016.

References

Austin, M.P., 2005. Vegetation and environment: discontinuities and continuities.
In: van der Maarel, E. (Ed.), Vegetation Ecology. Blackwell Science, Oxford, pp.
52-84.

Bates, D., Maechler, M., Dai, B., 2008. Ime4: Linear Mixed-Effects Models Using S4
Classes. R Package Version 0.999375-28. <http://Ime4.r-forge.r-project.org/>.

Blumenthal, D.M., 2006. Interactions between resource availability and enemy
release in plant invasion. Ecology Letters 9, 887-895.

Chaneton, E.J., Omacini, M., Trebino, H.J., Le6n, RJ.C., 2001. Disturbios, dominancia y
diversidad de especies nativas y exétcias en pastizales pampeanos htimedos.

Annales de la Academia Nacional de Ciencias Exactas, Fisicas y Naturales 53,
121-140.

Collins, S.L., 1990. Patterns of community structure during succession in tallgrass
prairie. Bulleting of the Torrey Botanical Club 117, 397-408.

Corbin, ].D., D’Antonio, C.M., 2004. Competition between native perennial and
exotic annual grasses: implications for an historical invasion. Ecology 85, 1273-
1283.

Cramer, V.A., Hobbs, R]., Standish, RJ., 2008. What's new about old fields? Land
abandonment and ecosystem assembly. Trends in Ecology and Evolution 23,
104-112.

Crawley, M., 2007. The R Book. John Wiley & Sons, Chichester.

Daehler, C.C., 2003. Performance comparisons of co-occurring native and alien
invasive plants: implications for conservation and restoration. Annual Review
of Ecology, Evolution and Systematics 34, 183-211.

D’Angela, E., Ledn, RJ.C., Facelli, ].M., 1986. Pioneer stages in a secondary succession
of a pampean subhumid grassland. Flora 178, 261-270.

D’Angela, E., Facelli, ].M., Jacobo, E., 1988. The role of the permanent soil seed bank
in early stages of a post-agricultural succession in the Inland Pampa. Vegetatio
74, 39-45.

Domenech, R., Vila, M., Pino, ]., Gesti, ], 2005. Historical land-use legacy and
Cortaderia selloana invasion in the Mediterranean region. Global Change Biology
11, 1054-1064.

Facelli, ].M., D’Angela, E., 1990. Directionality, convergence, and rate of change
during early succession in the Inland Pampa. Journal of Vegetation Science 1,
255-260.

Foley, J.A., DeFries, R., Asnes, G.P., Barford, C., Bonan, G., Carpentes, S.R., Chapin, F.S.,
Coe, M.T., Daily, G.C., Gibbs, H.K., Helkowski, J.H., Holloway, T., Howard, E.A.,
Kucharik, CJ., Monfreda, C., Patz, J.A., Prentice, I.C., Ramankutty, N., Snyder, P.K.,
2005. Global consequences of land use. Science 309, 570-574.

Foster, B.L., 1999. Establishment, competition and the distribution of native grasses
among Michigan old-fields. Journal of Ecology 87, 476-489.

Foster, B.L., Gross, K.L., 1997. Partitioning the effects of plant biomass and litter on
Andropogon gerardii in old field vegetation. Ecology 78, 2091-2104.

Fukami, T., Bezemer, T.M., Mortimer, S.R., van der Putten, W.H., 2005. Species
divergence and trait convergence in experimental plant community assembly.
Ecology Letters 8, 1283-1290.

Ghersa, C.M., Leén, RJ.C., 1999. Successional changes in agroecosystems of the
Rolling Pampa. In: Walker, LR. (Ed.), Ecosystems of Disturbed Ground.
Ecosystems of the World, vol. 16. Elsevier, Amsterdam, pp. 487-502.

Greig-Smith, P., 1983. Quantitative Plant Ecology, third ed. Blackwell, Oxford.

Grime, J.P., 1998. Benefits of plant diversity to ecosystems: immediate, filter and
founder effects. Journal of Ecology 86, 902-910.

Gross, K.L., Emery, S.M., 2007. Succession and restoration in Michigan old field
communities. In: Cramer, V.A., Hobbs, R]. (Eds.), Old Fields: Dynamics and
Restoration of Abandoned Farmland. Island Press, Washington, pp. 162-179.

Hobbs, RJ., Arico, S., Aronson, ]., Baron, ].S., Bridgewater, P., et al., 2006. Novel
ecosystems: theoretical and management aspects of the new ecological world
order. Global Ecology & Biogeography 15, 1-7.

Huston, M.A.,, 2004. Management strategies for plant invasions: manipulating
productivity, disturbance, and competition. Diversity and Distributions 10,
167-178.

Inouye, R.S., Huntly, N.J., Tilman, D., Tester, J.R., Stillwell, M.A,, Zinnel, K.C., 1987.
Old-field succession on a Minnesota sand plain. Ecology 68, 12-26.

Kareiva, P., Watts, S., McDonald, R., Boucher, T., 2007. Domesticated nature:
shaping landscapes and ecosystems for human welfare. Science 316, 1866-
1869.

Kotanen, P.M., 2004. Revegetation following soil disturbance and invasion in a
Californian meadow: a 10-year history of recovery. Biological Invasions 6, 245-
254.

Kulmatiski, A., 2006. Exotic plants establish persistent communities. Plant Ecology
187, 261-275.

Lockwood, J.L., Pimm, S.L., 1999. When does restoration succeed? In: Weiher, E.,
Keddy, P. (Eds.), Ecological Assembly Rules. Cambridge University Press,
Cambridge, pp. 363-378.

MacDougall, AS., Turkington, R., 2005. Are invasive species the drivers or
passengers of change in degraded ecosystems? Ecology 86, 42-55.

MacDougall, A.S., Gilbert, B., Levine, ].M., 2009. Plant invasions and the niche.
Journal of Ecology 97, 609-615.

McCune, B., Mefford, M.J., 1999. PC-Ord for windows. MjM Software, Gleneden
Beach, OR, USA.

Meiners, S.J., 2007. Native and exotic plant species exhibit similar population
dynamics during succession. Ecology 88, 1098-1104.

Meiners, SJ., Pickett, S.T.A., Cadenasso, M.L., 2002. Exotic plant invasions over
40years of old field succession: community patterns and associations.
Ecography 25, 215-223.

Omacini, M., Chaneton, EJ., Le6n, RJ.C., Batista, W.B., 1995. Old-field successional
dynamics on the Inland Pampa, Argentina. Journal of Vegetation Science 6, 309-
316.

Ortega, Y.K., Pearson, D.E., 2005. Weak vs. strong invaders of natural plant
communities: assessing invasibility and impact. Ecological Applications 15,
651-661.

Pacala, SW., Rees, M., 1998. Models suggesting field experiments to test two
hypotheses explaining successional diversity. American Naturalist 152, 729-
737.

Parodi, L.R., 1947. Vegetacién de la Argentina. La estepa pampeana. GAEA 8, 143-
207.


http://dx.doi.org/10.1016/j.biocon.2010.06.016
http://www.lme4.r-forge.r-project.org/

P.M. Tognetti et al./Biological Conservation 143 (2010) 2494-2503 2503

Pickett, S.T.A., Cadenasso, M.L., Bartha, S., 2001. Implications from the Buell-small
succession study for vegetation restoration. Applied Vegetation Science 4, 41-
52.

Pinheiro, ]J.C., Bates, D.M., 2002. Mixed-Effects Models in S and S-PLUS. Springer,
New York.

Poggio, S.L., Chaneton, E.J., Ghersa, C.M., 2010. Landscape complexity differentially
affects alpha, beta, and gamma diversities of plants occurring in fencerows and
crop fields. Biological Conservation, doi:10.1016/j.biocon.2010.06.014.

Prach, K., Bartha, S., Joyce, C.B., Pysek, P., van Diggelen, R., Wiegleb, G., 2001. The role
of spontaneous vegetation succession in ecosystem restoration: a perspective.
Applied Vegetation Science 4, 111-114.

Prinzing, A., Durka, W., Klotz, S., Brandl, R., 2002. Which species become aliens?
Evolutionary Ecology Research 4, 385-405.

Rapoport, E.H., 1996. The flora of Buenos Aires: low richness or mass extinction?
International Journal of Ecology and Environmental Sciences 22, 217-242.
Rejmanek, M., 1989. Invasibility of plant communities. In: Drake, ].A. et al. (Eds.),
Biological Invasions: A Global Perspective. John Wiley & Sons, Chichester, pp.

369-388.

Sarmiento, L., Llambi, L.D., Escalona, A., Marquez, N., 2003. Vegetation patterns,
regeneration rates and divergence in an old-field succession of the high tropical
Andes. Plant Ecology 166, 63-74.

Seabloom, E.W., Harpole, W.S, Reichman, O.J., Tilman, D., 2003. Invasion,
competitive dominance, and resource use by exotic and native grassland
species. Proceedings of the National Academy of Sciences USA 100, 13384-
13389.

Soriano, A., 1992. Rio de la Plata grasslands. In: Coupland, R.T. (Ed.), Natural
Grasslands: Introduction and Western Hemisphere. Ecosystems of the World 8
A. Elsevier, Amsterdam, pp. 367-407.

Standish, RJ., Cramer, V.A., Wild, S.L., Hobbs, RJ., 2007. Seed dispersal and
recruitment limitation are barriers to native recolonization of old-fields in
western Australia. Journal of Applied Ecology 44, 435-445.

Suding, K.N., Gross, K.L., Houseman, G.R., 2004. Alternative states and positive
feedbacks in restoration ecology. Trends in Ecology and Evolution 19, 46-53.

Vitousek, P.M., Walker, L.R., 1989. Biological invasion by Myrica faya in Hawai'i:
Plant demography, nitrogen fixation, ecosystem effects. Ecological Monographs
59, 247-265.

Von Holle, B., Simberloff, D., 2004. Testing Fox’s assembly rule: does plant invasion
depend on recipient community structure? Oikos 105, 551-563.

Wilsey, BJ., Teaschner, T.B., Daneshgar, P.P., Isbell, F.I, Polley, HW. 2009.
Biodiversity maintenance mechanisms differ between native and novel
exotic-dominated communities. Ecology Letters 12, 432-442.

Wilson, ].B., Steel, J.B., Newman, ]J.E., King, W.MCG., 2000. Quantitative aspects of
community structure examined in a semi-arid grassland. Journal of Ecology 88,
749-756.

Young, T.P., 2000. Restoration ecology and conservation biology. Biological
Conservation 92, 73-83.

Young, T.P., Chase, J.M. Huddleston, R.T. 2001. Community succession and
assembly: comparing, contrasting and combining paradigms in the context of
ecological restoration. Ecological Restoration 19, 5-18.


http://dx.doi.org/10.1016/j.biocon.2010.06.014

	Exotic vs. native plant dominance over 20years of old-field succession on set-aside farmland in Argentina
	Introduction
	Methods
	Study site
	Data analysis

	Results
	Composition of the successional flora
	Overall pattern of succession
	Trends in exotic vs. native plant richness
	Changes in exotic vs. native plant abundance
	Vegetation states and successional pathways

	Discussion
	Rank-abundance status of exotic species
	Life-form dynamics of exotic and native plants
	Trends in exotic vs. native plant richness
	Alternative trajectories and community states
	Management implications

	Acknowledgements
	Supplementary material
	References


