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LETTER

How disturbance history alters invasion success: biotic legacies
and regime change

Abstract

Disturbance is a key factor shaping ecological communities, but little is understood about how
the effects of disturbance processes accumulate over time. When disturbance regimes change, his-
torical processes may influence future community structure, for example, by altering invasibility
compared to communities with stable regimes. Here, we use an annual plant model to investigate
how the history of disturbance alters invasion success. In particular, we show how two communi-
ties can have different outcomes from species introduction, solely due to past differences in distur-
bance regimes that generated different biotic legacies. We demonstrate that historical differences
can enhance or suppress the persistence of introduced species, and that biotic legacies generated
by stable disturbance history decay over time, though legacies can persist for unexpectedly long
durations. This establishes a formal theoretical foundation for disturbance legacies having pro-
found effects on communities, and highlights the value of further research on the biotic legacies
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INTRODUCTION

How disturbance shapes communities has remained a central
focus in ecological research for decades (Picket & White 1985;
Walker, 2012), and interactions between disturbance proper-
ties (Box 1), species traits, and competition have all been
investigated theoretically (Levin & Paine 1974; Lubchenco
1978; Connell 1978; Tilman 1994; Roxburgh et al. 2004; Shea
et al. 2004; Turner 2010; Walker 2012; Newman 2019). For
example, the complex nonlinear interactions between aspects
of disturbance and species’ traits are known to have strong
effects on diversity (e.g. Miller ez al. 2011; Liao et al. 2016).
Recently, interest in how the effects of disturbance regimes
accumulate over time (Seabloom ez al. 2020) and how changes
in disturbance regimes influence invasion success has grown
(Theoharides & Dukes 2007; Moles et al. 2012; Johnstone
et al. 2016). Over time, disturbance regimes build a biotic
legacy (Box 1) reflective of that environmental variation
through cumulative effects; the history and its legacy may
then influence present ecological processes. Importantly, when
regimes change, there is a potential for mis-match between a
community shaped by one regime but experiencing another.
This may alter niche opportunities, and historical legacies of
disturbance may therefore affect both current and future
dynamics as the impacts of changes to disturbance regimes
unfold. History of disturbance may affect how new species
integrate into communities in many ways, and we hypothesise
that the persistence or extirpation of introduced species can

be better understood if we explicitly account for the history of
disturbance and changes in disturbance regimes.

Here, we develop a theoretical approach to this emerging
research field, and address our basic hypotheses using a model
of an annual plant community of two resident species and one
invader. While previous work has shown how abiotic legacies
can influence communities (Perring ez al. 2016), our interest is
the potential for disturbance history to create biotic legacies,
and to understand how these legacies influence invasion suc-
cess in the absence of abiotic legacies.

Although these concepts have been observed repeatedly —
and increasingly — in empirical systems (Newman, 2019), there
is relatively little theory developed on the topic. We ask two
fundamental questions about changing disturbance regimes
and species introductions in a model annual plant community.
First (Q1): do historical changes in disturbance regimes alter
present invasion success, compared to introductions taking
place in a community operating continually under a stable
disturbance regime? Because biotic legacies will vary across
communities with different histories, we hypothesise that inva-
ders may be more likely to succeed in a community subject to
a recent change in disturbance regime compared to a commu-
nity that has been operating under a single stable regime for a
long time.

It is not clear how long effects of historical disturbance
regimes may last. For example, recent disturbance events may
influence the current abundances of species, but legacies of
disturbance may interact with populations over longer
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timeframes. Thus, our second question is (Q2): how long does
a given historical period of disturbance continue to affect
community structure? The annual life cycle is rapid, and pop-
ulations can change dramatically within a few years. Thus, we
hypothesise that the effects of disturbance history will fade
relatively rapidly after changing to a new regime.

Our findings demonstrate that overlooking disturbance his-
tory can lead to erroneous conclusions because two communi-
ties comprising the same species with the same disturbance
regime can have different invasion outcomes due to differ-
ences in disturbance history. We also demonstrate that the
effects of disturbance history may endure for remarkably long
times. Our results provide a theoretical understanding to
inform research examining disturbance and invasive species,
and because they are based on exhaustively sampling all fre-
quency-intensity disturbance regime combinations, we capture
all possible disturbance-mediated dynamics that can be
described within the present model context for a given com-
munity. Our prior work has shown that insights from this
model can also explain features of microbial microcosm sys-
tems (Hall et al. 2012), and there is potential that our results
will be more broadly applicable (Miller et al. 2011). We also
use our findings to generate empirically testable hypotheses,
for example, an increase in disturbance frequency or intensity
can enable a species to successfully invade, whereas introduc-
tion under a regime with the higher value and a stable history
would fail.

MATERIALS AND METHODS

We apply an annual plant model that represents a community
of three species via the life-history traits of germination rate,
seedbank survival rate and seed yield. The model incorporates
a disturbance regime, and allows frequency and intensity of
disturbance events (Box 1) to be varied independently.

Model design

Each species j is defined by parameters specifying its maxi-
mum seed yield (Y)), germination rate (G;), seedbank survival
rate (s;) and how it competes (Fig. la). Competition is calcu-
lated via the ‘reciprocal yield law’ (Shinozaki & Kira 1956):
each species’ seed yield is reduced in proportion to the recip-
rocal of the number of all other plants present that year,
weighted by competitive effect (ay;). Note that ay; is the effect
of species j on species k, and competition need not be sym-
metric. The reciprocal yield law is supported empirically (Har-
per 1977) and is expected to apply to wide ranges of plant
species experiencing competition, provided that density is not
high enough to directly cause mortality over the course of a
single growth season (Ellner 1985).

Although our model can represent a wide variety of annual
plant life histories, we focus our results on a test community
chosen for its rich dynamics and comparability with prior
work (Miller et al., 2011). We name the species by their life-
history strategies: the resident species employ opposing com-
petitive (C) and ruderal (R) strategies (sensu Grime, 1977),
and the invader has moderate traits (M). Species C has (Y,
Ge, s¢) = (900, 0.6, 0.4), (acce, are, oarc) = (1, 1.1, 0.6).

©2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.

Box 1. Ontology of disturbance in ecology

Disturbance is a general concept in ecology that encom-
passes many related phenomena, including specific destruc-
tive events as well as the recurring process of multiple such
events. There are many definitions of disturbance in the lit-
erature, and we draw from them to clarify the interrelated
concepts and terms associated with disturbance. Though
there is inherent ambiguity in this broad topic, carefully
parsing key aspects and properties of disturbance can
improve clarity when studying how disturbance shapes
ecosystems.

DISTURBANCE EVENT

A particular event at a specified place and time that dis-
rupts ecosystem structure or the physical environment (fol-
lowing Pickett & White 1985). This disruption can occur at
any level of organization: the ecosystem structure includes
the communities, populations, and individuals, and the
physical environment includes e.g. abiotic resources, sub-
strate availability, and weather.

DISTURBANCE TYPE

The physical nature of a disturbance event. Different dis-
turbances such as fires and floods may have similarities in
their effects, but each type of disturbance has specific
impacts on individuals. The type of the disturbance is clo-
sely related to its cause.

DISTURBANCE REGIME

The distribution of disturbance events occurring over a
given space and time. Empirically, a past collection of
events has a joint statistical distribution of the quantified
aspects of the disturbance events. Theoretically, regimes
can be prescribed several ways, e.g. by defining a probabil-
ity distribution of events, or a periodic or stochastic pro-
cess. Dynamically generated disturbances can also be
simulated. See Krebs ef al. (2010) for detailed discussion of
the term “fire regime.”

ASPECTS OF DISTURBANCE

The distinct and conceptually independent properties of
disturbance when considered as a complex, multifaceted
concept (Roxburgh ez al. 2004; Fraterrigo & Russak 2008).
Both disturbance events and regimes have associated
aspects. Events can have: intensity, the vigor of the dis-
turbing force (e.g. Fraterrigo & Rusak 2008); duration, the
temporal span of effects (e.g. Lake 2000); extent, the spa-
tial span of effects (e.g. Miller et al. 2012a); and timing, the
temporal placement measured with respect to season or life
cycle (e.g. Miller er al. 2012b). Regimes have aspects that
events cannot, such as autocorrelation, the statistical serial
relation of events with themselves (e.g. Liao et al. 2016 for
spatial autocorrelation, Garrison et al. 2012 for temporal).
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Some aspects of regimes have analogs in events. For exam-

. . ABIOTIC LEGACY
ple, frequency of a regime is the expected number of events

per time period, and is analogous to the aspect of time The accumulated material effects of a process acting over
since last disturbance associated with an event. Pace of time that are not biological in nature. Examples include
change, the rate of onset of disturbance effects for an event. erosion, changes to stream beds, soil leaching, sediment
E.g. two floods could have the same extent and duration, deposition, etc.

but trigger different effects and responses depending on
their speed of occurrence. For a regime, pace of change
indicates that some aspect of the disturbance regime
changes over time. Compared to species R, C has a higher germination rate,
lower seedbank survival and stronger competition: its strategy
performs best when disturbance is low. Species R has (Yp,
Ggr, sg) = (1100, 0.4, 0.6), (acr, Arr >, Apr) = (0.9, 1, 1.1).

PRESS AND PULSE DISTURBANCE

A dichotomy distinguishing discrete and specific distur- Compared to C it has a lower germination rate and higher
bance events (pulse) from disturbance that occurs uni- seedbank survival, that is, R retains a larger seedbank and
formly and generally over time (press). This punctual vs. hedges against disturbance and is therefore ruderal. Species M
continual aspect can be treated as a distinction in duration has a moderate strategy, and its Y,G,s parameters are interme-
of events. This allows the distinction between repeated diate: (Y, Gag, sar) = (1000, 0.5, 0.5), (xcar, Orar > Oprar) =
acute disturbance and chronic disturbance (McCormick (0.5, 0.5, 1.0). It has a weak competitive effect on both resi-
et al. 2015). dent species, though it experiences stronger competition from

R than C. In the following species introduction analyses, spe-
cies C and R always form the resident community, and M is

DISTURBANCE CAUSE, EFFECT, RESPONSE . . . . .
always the introduced species (see Appendix S1 in Supporting

Disturbance shapes ecosystems through a chain of impacts. Information for additional configurations). This describes a
The cause is the material impetus, the effect is its primary hypothetical set of species with Y, G, s parameters well within
action, and the response is how species react. E.g. a fire the range of those observed in real species. Our resident com-
could be caused by lightning, the effect is destruction of munity displays classically opposed strategies, and using the
biomass, and the responses may include resprouting or moderate species as invader offers insight into how typical
increased germination. species may invade without invoking more extreme life-history

strategies commonly associated with invasive species. The resi-
dent species R, C, are unable to coexist in a constant environ-
ment with no disturbance; all coexistence between them is due
The record of disturbance experienced at a given location to the disturbance process (Miller et al. 2011).

over a period of time. This can be theoretically represented
by a procedure, or determined empirically as a set of
events. This term relates to other concepts of the ecological
past, e.g. “ecological memory” and “antecedent effects” Disturbance in our model reduces seed yield, that is, per cap-
(Ogle et al. 2015). ita fecundity. We denote the disturbance process by D,, an
independent, identically distributed stochastic process with
independent parameters for disturbance frequency (F) and
intensity (/). Intensity is reflected in the population as the pro-

DISTURBANCE HISTORY

Disturbance process

DISTURBANCE REFUGIA

Locations that are disturbed less intensely or less frequently portion of seed yield destroyed by disturbance events, for
than other areas within the surrounding landscape. These example, grazing, mowing or seed predation (Box 1). We set
can act as important reservoirs of biotic and abiotic lega- D, = 1-I, when disturbance occurs, and D, =1 otherwise.
cies (from Krawchuk ez al. 2020). Disturbance occurs at each timestep with probability F so that

mean return time for a disturbance event is 1/F. While many
other aspects of disturbance have important consequences for

BIOTIC LEGACY .
community structure (Box 1), we focus here on (I, F) due to

The accumulated biological effects of a disturbance process their salience in the theoretical and empirical disturbance liter-
acting on a community over time. “Material” legacies are ature. Frequency and intensity are quantifiable in a bounded
the physical effects (e.g. biomass, species abundances, seed range from zero to one. We therefore completely sample the
banks) and the “informational” legacies are the result of regimes and visually display how changes to regimes alter
selection and filtering acting on populations subject to dis- communities. Each species achieves largest population size
turbance (following Franklin er al. 2000; Johnstone et al. with no disturbance; that is, disturbance can only help a spe-
2016). Here, the persistent seedbank shaped by a stable cies via indirect effects through competition with other spe-
regime over time constitutes the biotic legacy of historical cies. Likewise, there is no disturbance regime where 7 and F
disturbance. lie between 0 and 1 that will cause all species to go extinct.

©2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.
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Figure 1 Species parameters, annual community dynamics, and experimental design. (a) species parameters. (b) The modeled annual life cycle. Each species
germinates, grows, and reproduces under the effects of competition and disturbance, shown schematically here and formally in eq. 1. (c) Schematic of the
three experiments performed to isolate the effects of disturbance history. In each experiment, community dynamics under disturbance are exhaustively
sampled so that every possible regime of disturbance frequency and intensity is represented. ‘Simultaneous’ is a control, with all species arriving at the
same time and with no change to disturbance regime. ‘Introduction’ introduces an invader species after two residents have stabilised. ‘Regime Change’

alters the disturbance regime before the invader is introduced.

Formal model specification

Let X, be the number of seeds of species j in the seedbank at
time ¢. The model is a system of stochastic finite difference
equations defined via the finite rate of increase A. This is the
multiplicative growth rate, such that X;,.; = A;,X;, for each
species j. Using the parameters for life-history traits and the
disturbance process, A encodes contributions to the next year’s
seedbank from seeds that did not germinate and survived,
together with those that germinated and produced new seed
yield, reduced by disturbance and competition (Fig. 1b):

A= (1-G))s;+G;Y,D,C; (1)

where the competition Cj; denotes reduction of seeds via the
reciprocal yield law:

©2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.

-1
Cy= (Zizla./kasz) (2

Of note, the disturbance process interacts nonlinearly with
species abundance through the competition term. This allows
for complex dynamics resulting from the interplay of distur-
bance frequency with germination rates and survival, as well
as disturbance intensity interacting with seed yields and sur-
vival.

Experimental design

To assess the effects of historical changes to regimes on persis-
tence of introduced species, we configure the model to
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simulate species introductions in three experiments. Each
involves simulating competition under disturbance for the
same total period of time (z,,), then determining community
composition and structure. We simulate 10 000 disturbance
regimes for each experiment, sampling the full (/, F) space of
all regimes possible in this model, using increments of 0.01 for
I and F, each spanning the (0,1) interval. Each of the distur-
bance regimes sampled uses constant (/,F) for the duration of
simulations, except when explicitly changed as part of the
regime-change experiments. We perform three types of experi-
ment with differences in disturbance history, and how species
are introduced (Fig. 1c).

In the first experiment, three species are introduced simulta-
neously (Simultaneous). Species are initialised with 1000 seeds
at t = 0, and community dynamics are simulated for a total
time of ¢,,, = 2000 years. In the second experiment (Introduc-
tion), species R and C are initialised with 1000 seeds, then
compete under disturbance for an equilibration period (. =

1900 years), to allow the resident community to reach a
stable distribution. Then, species M is introduced with 10
seeds, and all three species interact for f,,, = 100 years. For
the third experiment, the disturbance regime is altered prior
to the introduction of species M (Regime Change). Initially,
residents equilibrate under a stable disturbance regime (I, F)
for a period of ¢,,, = 1880 years, then the regime is shifted to
a new pattern (I;, F; ). The residents compete under this new
regime for an interim period of ¢, = 20 years, after which
time species M is introduced with 10 seeds, and all three spe-
cies compete for #,,s = 100 years. The disturbance regime is
shifted by augmenting the intensity and frequency parameters,
assuming toroidal boundaries on the (I,F) square. We use a
shift of (0.2, 0.3), for example, ({, Fy) = (0.1, 0.1) — ({;,
F;) =(0.3, 0.4) and (1), Fy)= (0.9, 0.8) —(I;, F;) = (0.1, 0.1).
In a given plot of the (/,F) parameter space, some portion of
communities will see an increase to Intensity and Frequency,
while others will experience a decrease. All of our primary
results use this same shift for the Regime Change, though we
include examples of other shifts in the supporting information
(Figs. S1, S13). We operationally define species persistence by
requiring that a species’ mean seed number be over 25 for the
last 5% of the total simulation period (100 years). Our results
are qualitatively robust across a large range of seed numbers
introduced and persistence thresholds (two orders of magni-
tude, Figs S14-S17).

The three experiments all use the same duration, species
parameters and disturbance parameters, as well as identical
realisations of the disturbance process, so that they have the
exact same record of disturbance events and results are
directly comparable (Fig. 1). Although each (I, F) regime uses
one realisation of disturbance, results generated with different
random initialisations show no notable difference from our
primary results, indicating that it is sufficient to simulate once
for each regime (Fig. S3).

Comparisons between the Introduction and Regime Change
experiments isolate the effects of changing disturbance regimes
on species invasion. For example, if an Introduction experi-
ment under regime (I;, F;) has a different community of per-
sisting species than a Regime Change experiment with final
regime (I;, F;), then we conclude that this difference is due to

the differences in disturbance history, because all other fea-
tures of the two experiments are the same. If we instead com-
pared the community under the new regime to a community
that had stayed constantly in the old regime, the difference
could be explained by the different current regimes, not by
the different history. Likewise, comparison of Simultaneous
and Introduction experiments can reveal priority effects (e.g.
Fukami 2015; Delory et al. 2019), because the only difference
between the experiments is the order of species arrival. Fur-
ther results on order priority and identity of invader are pro-
vided in the supporting information (Figs S5-S12).

Because effects of historical regimes on community compo-
sition may be ephemeral, we change the value of ¢,,y,, and
conduct a series of simulations where community composition
is calculated after a range of times, from 100 to 4500 years
after species introduction. This allows us to detect how long
the effects of historical regime change persist. Further results
for different time periods are shown in the supporting infor-
mation (Figs S4 and S13).

RESULTS

Results for Simultaneous, Introduction and Regime Change
experiments are plotted in Fig. 2 (a—c, respectively). The dif-
ference between Introduction and Regime Change communi-
ties (Fig. 2d) highlights the changes in composition that are
specifically attributable to differences in disturbance history.
The results of the Introduction experiment demonstrate differ-
ential success of invasion based on both disturbance frequency
and intensity, and nonlinear interactions between different
aspects of disturbance influence diversity (e.g. Fig. 2b, yellow).
Fig. 2 also provides evidence of priority effects. For example,
in large regions of low-intensity regime space (/ < 0.5, 0 < F
< 1), C excludes R during the equilibration period of the
Introduction experiment (Fig. 2b, green), because the competi-
tive species performs better under lower disturbance. In con-
trast, three species persist when introduced at equal numbers
to a system under a stable disturbance regime (Fig. 2a),
because M suppresses C’s abundance, and M has less compet-
itive effect on species R than C does. This demonstrates the
ability of the disturbance regime to control invasion success.
Note that both resident species (C, R) have lesser weight for
interspecific competition experienced from the invader M
(xcar = 0.5, agyr = 0.5) than they have for intraspecific com-
petition (acc = agr =1.0), which helps M form part of a three
species community under many regimes.

Figure 2¢ shows species persistence in the Regime Change
experiment, where each community experiences a shift in dis-
turbance regime from an initial (1y, Fy) to (I;, F;) = (Ip + 0.2,
Fy + 0.3). To facilitate comparison, we show in Figure 2d a
color-coded panel that shows where the number of species
persisting in the community differs between the Introduction
and Regime Change experiments. We plot the species persis-
tence results at the (I, F) coordinates of the final regime to
completely isolate the effects of disturbance history: every-
thing is the same in these two experiments at the time of spe-
cies introduction, except that the Regime Change had a
different regime in the past. There are many regimes (/;, F;)
that share the same pattern of species persistence, regardless

©2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.
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Figure 2 Species persistence (mean abundance >25 for the final 100 years), plotted across the unit square containing all possible disturbance regimes (/, F). (a)
Simultaneous experiment: no history of disturbance, species introduced all together at ¢ = 0. (b) Introduction experiment: resident equilibration period creates
a biotic legacy for resident species C, R, then species M is introduced. (c) Regime Change: disturbance (1, F) shifted by (+0.2, +0.3). Outcomes plotted at final
(I, F) values for the changed regime. Cross hairs in (c and d) indicate the shift in regime change. (d) Color code indicates the difference in species richness
between communities under a given regime, comparing the Introduction and Regime Change experiments plotted in (b and c). Red indicates the Regime
Change led to an increase in species richness, blue indicates Regime Change led to a decrease in species richness, grey indicates no change, and beige indicates
the community size does not change even though its composition does. See SI Figs. S5, S6 for additional results when species C or R acts as invader.
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Figure 3 Illustration of how invasion success changes when disturbance regime is changed. (a) invasion success of species M in the introduction experiment.
(b) success of invasion after regime change. (c) difference in success of invasion due to regime change—red indicates facilitation of invasion (‘in’), blue
indicates invasion thwarted by regime change (‘out’), grey indicates no change in invasion success (‘same’). Note in this example, positive shifts (to larger
frequency and intensity) mostly facilitate invasion while decreasing disturbance only prevents invasion.

©2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.
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of whether the community had a history of only (/;, F;), or
whether it first spent 1.8 k years in ({), Fy) (Fig. 2d, grey).
However, roughly half of all disturbance regimes do show a
difference in community composition due to regime change.

Our question (Q1) about whether a stable disturbance history
and regime change can alter invasion success can be addressed
with a simplified version of Fig. 2. Fig. 3 shows only the suc-
cess and failure of the moderate species’ (M) invasion in the
Introduction and Regime Change experiments. This result gives
us clear evidence: there are many cases where changing regimes
allows species M to invade where it could not if the community
had a stable history (Fig. 3c, red). For example, under a stable
regime of (/, F) = (0.8, 0.4), R excludes C, and also prevents M
from invading. However, in the Regime Change experiment an
initial period of (1, Fy) = (0.6, 0.1) leads to C excluding R, and
when that regime is shifted to (/;, F;) = (0.8, 0.4) species M
successfully invades. There are also many cases where the
regime change serves to thwart invasion (Fig. 3c, blue). Inter-
estingly, when Regime Change acts to increase the initial dis-
turbance regime (Fig. 3c, top right of crosshairs), the change
facilitates invasion for most regimes. When a shift decreases
the initial regime ([,, Fy) (Fig. 3c, bottom left of crosshairs),
the Regime Change only hinders invasion. This is because large
values of I, F lead to R excluding the others and maintaining a
large seedbank. When shifted to a regime with less disturbance,
this large seedbank prevents M from establishing, in cases
where it could invade a much smaller population of C. Among
all regimes, 16.4% changed invasion from unsuccessful to suc-
cessful after regime change, 18.2% changed invasion from suc-
cessful to unsuccessful, and the remaining 65.4% resulted in no
change to invasion success.

In addition to invasion success or failure, we ask how the
different histories of disturbance can alter the community
composition. Using the same parameters as in Fig. 2, we
examine species’ abundances over time in Fig. 4. Introduction
experiments (Fig. 4a and b) show successful invasions by M
under two different regimes, with differing final community

composition in each case. The Regime Change experiments
create different communities than the corresponding Introduc-
tion experiments (Fig. 4c and d). In the first example, a stable
history of the same regime ((Z, F) = (0.08, 0.4)) results in a
two-species community, with M having largest abundance
(Fig. 4a). However, Regime Change (Fig. 4c) leads to three-
species coexistence, with C having the largest abundance. The
higher intensity regime ((I,F) = (0.6,0.4)) shows a different
effect of the Regime Change, wherein the stable regime pro-
duces a community of three species (Fig. 4b), and the Regime
Change produces a community of two species (Fig. 4d). Thus,
history of disturbance can alter community composition and
species abundance, even when invasion success is unchanged.

To address how long the effects of historical disturbance
can last (Q2), we analyze effects of changing 7,5, the time
spent after the regime change and species introduction. Fig. 5
illustrates how the effects of disturbance history decay over
time. The difference in communities between the Introduction
and Regime Change experiments is plotted; each panel shows
color-coded differences in the communities due to the differ-
ences in disturbance history, with t,, ranging from 100 years
to 4500 years. Matching intuition, legacy effects of distur-
bance history decay over time, and the proportion of distur-
bance space that shows no change in communities between
the two experiments grows as f,. increases (Fig. 5, grey).
The biotic legacy can affect community composition
4500 years after exposure to a 1900 year disturbance regime,
and this compositional difference can occur for both positive
and negative shifts in disturbance frequency and intensity.
While the speed of decay may depend on many factors, effects
of a historical regime can last up to 10 000 years in some
cases (Fig. S13), though in others there are only minimal
effects after 100 years (Figs S7 and S8) .

To explore how typical our results are, we analyze several
other example communities in the online supporting informa-
tion, including analyzing different shifts in Regime Change
experiments, different species acting as invader, and different

(a) Intro, (I,F)=(0.08 0.4) (b) Intro, (I,F)=(0.6 0.4)
1500 :::; 1500 “::; !
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Figure 4 Seed abundance dynamics l |
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illustrating how community composition after Time Time
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are marked above the panels. Wide-head arrow Z 500 Z 500 WN :'J.f VJI'F‘
marks time of species introduction, narrow-head ¢ ey v
arrow marks time of change for disturbance o B ) ) ol 4
regime. The two-year moving average is plotted 1801 1840 1879 1918 1957 1996 1801 1840 1879 1918 1957 1996
to aid legibility. Time Time
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Figure 5 Persistence of disturbance legacy over time, plotted across disturbance frequency (F, units of 1/years) and disturbance intensity (dimensionless
index). (a-i) Community differences between the Regime Change experiment and the simple Introduction experiment are plotted, using the same color
coding scheme as Fig. 2d: red indicates that Regime Change increased species richness compared to the Introduction experiment, blue indicates a decrease
in richness. All parameters are the same as Fig. 1, except for the manipulation of 7., the time period after species introduction when persistence is
assessed. The effects of biotic legacy created by history of disturbance decay over time (more grey in the last panel than in the first), however, even
4500 years after a change to a historical regime, the effects of that legacy persist (e.g. blue region, (i)).

annual communities. We note here that the life-history strat-
egy of the invader is of crucial importance. In particular,
when we analyze the same set of three species, but set C or R
as the invader, the importance of history for invasion is mini-
mal (Figs S5 and S6). Additional analysis of communities
with different life-history strategies shows that the strength of
the effect of history on invasion often differs with different
invaders (Figs S10 and S11), but in every community we have
examined, history has a strong effect for at least one invader.
We conclude that while these effects of past regimes on future
invasions are not universal, our work suggests they are not
rare. Determining a priori when to expect strong effects of
past disturbance regimes on future communities and invasions
will be a fascinating challenge for future research.

©2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.

DISCUSSION

Disturbance regimes around the world are changing due to
rapid global change (Vitousek et al., 1994; Vitousek et al.,
1996; Hooper et al. 2012; Essl et al. 2015a). Moreover lags
between anthropogenic changes and ecosystem effects are
ubiquitous and worsen with time (Essl ef al. 2015b; Komatsu
et al. 2019). Our work suggests that historical regimes can
influence future community invasibility, and that effects of
past changes to disturbance regimes can linger due to long-
lasting biotic legacies. Importantly, we show that two sys-
tems with the same current disturbance regime may neverthe-
less have very different fates, solely due to differences in
history. Thus, we raise awareness that analyzing community
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assembly or invasion based on stable processes whose
distributions do not change over time may disregard impor-
tant information about the past and how it shapes future
dynamics.

We have shown that changing the history of disturbance
can alter invasion success (Q1, Fig. 3c). Since the only differ-
ence between Regime Change and Introduction experiments is
the disturbance history, this demonstrates that history of dis-
turbance has clear and direct effects on community invasibil-
ity through creation of biotic legacies. The Simultaneous
experiment displays a rich nonlinear response of diversity to
disturbance (Figs. 2a, S10A), and regime changes and inva-
sion result in extremely complex patterns of community
change (Figs. 2d, S2D). While we cannot predict performance
of a specific system, we now understand the types of behavior
that may arise, and demonstrate how historical processes can
accumulate to shape ecological communities.

In addition to changing invasion success and community
structure, we have shown that the effects of disturbance his-
tory decay over time (Q2). Fig. 5I shows that 4500 years after
a change to a historical regime, the effects of that biotic
legacy can still register in community composition, for both
positive and negative shifts in disturbance frequency and
intensity. Though effects can decay relatively quickly, in some
cases they can persist for millennia, and there seems to be no
characteristic time scale for this decay. This is surprising,
given that the effect of a historical period on the species com-
position can be seen after a time period more than double
that of the original historical regime period. In longer-lived
organisms, there is precedent for even longer legacy effects of
history, for example, the climate of 21 000 years ago was
found to have a strong influence on patterns of tree species
richness in Europe (Svenning & Skov 2007). Thus, our results
illustrate that transient behavior is often more ecologically
meaningful than asymptotic states (e.g. Hastings 2001; Hast-
ings 2018; Fig. S13). Using sub-models of the present model,
we have previously established stability of coexistence and
mechanisms thereof (Miller 2011), and demonstrated high
richness of persisting species (Roxburgh 2004). However, for
the timescale of a century after shifts in disturbance, species
persistence is of primary interest, and stability results may be
misleading (e.g. Fukami & Nakajima 2011, Yamamichi et al.
2014, Hastings 2018).

Observational studies have suggested the importance of dis-
turbance history, and our work demonstrates a theoretical
basis for strong effects of historical changes to disturbance
regimes on community invasibility and community composi-
tion. We designed our experiments to rule out other possible
explanations: all effects we describe must be due to the effects
of disturbance history, and the biotic legacies left by the past
processes. The historical aspects we consider are closely
related to ‘antecedent effects’ and ‘memory’ of ecological sys-
tems, which have also been a growing topic of research, show-
ing promising ability to better understand the future of
ecosystems by considering the past as well as the present (Ogle
et al. 2015). Thus, although it is commonly assumed that eco-
logical processes can be well-understood using stationary pro-
cesses and current status, evidence is building that this
assumption may be a poor one.

Our annual plant model is well-suited as a tool to investi-
gate our current and future questions, because the persistence
of the seedbank allows for cumulative effects over time to be
stored, and there is a rich record of theoretical work on
annual plant systems (e.g. Ellner 1985; Roxburgh et al. 2004)
that can inform our inquiry. Our results highlighting the
importance of legacies also provide avenues for future
research by integrating additional processes shown to be
potentially important in determining how disturbance affects
diversity. For example, disturbance only acts on seed yield in
the present model. When disturbance alters other factors such
as germination or mortality in this model, different mecha-
nisms of diversity maintenance are engaged (Miller et al.
2012b). Thus, regime changes may alter invasion success and
community structure via additional mechanisms. The regimes
studied here are described entirely by two constant parameters
(I, F). However, variation in intensity, /, and frequency, F,
can alter community dynamics (Miller et al. 2019) and poten-
tially interact with the formation of legacies. Likewise, we
have studied abrupt change in disturbance regime, but gradual
changes to disturbance regimes will be common in the coming
decades of global change, and species may respond differently
to gradual changes, compared to rapid shifts. Histories featur-
ing regime change with an increase in disturbance tend to
favor invasion in our model, though not always. In fact, when
the ruderal species R is treated as an invader (Fig. S5), only
minimal effects of disturbance history on invasion success are
evident. More research will be necessary to understand the
complex interactions between species’ traits and the impor-
tance of history, and these issues can be investigated within
the present framework.

Other factors may affect the influence of disturbance history
in annual plant systems; for example, productivity also inter-
acts with disturbance to shape communities (Kondoh 2001),
and this would enable yet another way for biotic legacies to
accumulate. Additionally, regimes can be patchy in space,
with local disturbance refugia acting as important sources of
biotic and abiotic legacy (Box 1, Krachuk et al. 2020), and
allowing for these would likely increase the effects of distur-
bance history. Moreover we expect that the interplay between
ecological filtering and biotic legacies will allow for a variety
of additional complex behaviours resulting from regime
change and species introduction, because disturbance can act
as a selective agent on a pool of potential resident species
(e.g. Diaz et al. 1998; Grime 2006; Gompert et al. 2014).
Interestingly, invasive species can often form their own lega-
cies, such that effects of the invasion can persist even after the
invader is removed (Corbin & D’Antonio 2012).

Our results on historical effects on invasions may apply to
many different plant and non-plant systems. Although our
quantitative results are specific to a certain case, every three-
species community we have simulated has demonstrated
effects of historical regimes change on invasion success for
some invading species (Figs S5, S6, S9-14), indicating these
effects are widespread and not dependent on specific model
configurations. We have empirically tested qualitative predic-
tions of our annual plant model on impacts of disturbance on
diversity in laboratory microbial experiments (Hall et al.
2012), and these results can also help explain results of related

©2021 The Authors. Ecology Letters published by John Wiley & Sons Ltd.
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studies in microcosms (Kassen et al. 2004; Benmayor et al.
2008).

Another system that is characterised by strong influence of
disturbance and can be described by a similar model is the
community of macroinvertebrates at hydrothermal vents
(Miller er al. 2018), which are expected to experience rapid
changes to disturbance regimes due to deep-sea mining (Dunn
et al. 2018). Our model is also structurally similar to those
used to study insect populations that reproduce on an annual
cycle and compete through shared parasitoids (Holt & Law-
ton, 1993), and this hints at the potential importance of biotic
legacies in insect invasions as well. Finally, our techniques can
be used to study effects of historical resource pulses (Yang
et al. 2008) because when frequency is high, the disturbance
regime can be interpreted as describing rare resource pulses
that lead to increases in seed yield.

Our results show that historical changes to disturbance
regimes can alter future community dynamics. They also gen-
erate rich areas for future theoretical (described above) and
empirical research. Tests of hypotheses in laboratory and field
systems will be required to fully assess how our findings apply
to real-world communities. Disturbance is known to play mul-
tiple roles in the establishment of exotic species (Mclntyre &
Lavorel 1994; Lake & Leishman 2004; Buckley et al. 2007;
Lockwood et al. 2007) and biotic legacies of historical distur-
bance regimes are anticipated to affect productivity and car-
bon cycling (Volkova et al. 2018), diversity (Lunt & Spooner,
2005), nutrient cycling (Johnstone et al. 2010), and resilience
(e.g. Johnstone et al. 2016). We propose that including history
of disturbance and resultant biotic legacies in analyses will aid
in developing better predictions of species invasions, commu-
nity dynamics and ecosystem function.

Research at this forefront will increase our basic ecological
understanding, and also inform applications to conservation
biology, invasion ecology, restoration efforts and manage-
ment. As our global ecosystems experience accelerating
change, an understanding of these issues will allow us to build
a foundation on which applied work can stand, so that each
new problem does not need to be addressed de novo. As such,
this research will then help to ameliorate and mitigate the eco-
logical and economic damage that global change causes.
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