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INTRODUCTION

Biological invasions are a global issue with potentially
severe consequences for native communities (Davis
et al., 2000; Fausch et al., 2001; Lake & Leishman, 2004;
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Abstract

Disturbances can facilitate biological invasions, with the associated increase in
resource availability being a proposed cause. Here, we experimentally tested
the interactive effects of disturbance regime (different frequencies of biomass
removal at equal intensities) and resource abundance on invasion success
using a factorial design containing five disturbance frequencies and three
resource levels. We invaded populations of the bacterium Pseudomonas flu-
orescens with two ecologically different invader morphotypes: a fast-growing
“colonizer” type and a slower growing ‘“competitor” type. As resident
populations were altered by the treatments, we additionally tested their effect
on invader success. Disturbance frequency and resource abundance interacted
to affect the success of both invaders, but this interaction differed between the
invader types. The success of the colonizer type was positively affected by dis-
turbance under high resources but negatively under low. However, distur-
bance negatively affected the success of the competitor type under high
resource abundance but not under low or medium. Resident population
changes did not alter invader success beyond direct treatment effects. We
therefore demonstrate that the same disturbance regime can either be benefi-
cial or detrimental for an invader depending on both community resource
abundance and its life history. These results may help to explain some of the
inconsistencies found in the disturbance-invasion literature.

KEYWORDS
biodiversity, disturbance frequency, invader life history, invasion, invasion success, resource
abundance

O’Dowd et al., 2003). Successful invader colonizations
can reduce biodiversity, alter community dynamics, and
cause large financial costs (Altman & Whitlatch, 2007;
Didham et al.,, 2005; Fausch et al., 2001; Leishman
et al., 2007; Levine et al., 2003; Shea & Chesson, 2002;
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Sher & Hyatt, 1999; Vitousek et al., 1997). Disturbances—
events that, through destroying biomass, change the avail-
ability of resources and habitats—often promote invader
success (Altman & Whitlatch, 2007; Lear et al., 2020;
Roxburgh et al., 2004; Shumway & Bertness, 1994). Distur-
bances can vary in frequency (how often they occur in a
given time period), extent (e.g., small, such as leaves fall-
ing, or large, such as wildfires), timing, intensity (propor-
tion of biomass removed), and duration (e.g., long term
[press] or brief [pulse]) (Miller et al., 2021), and facilitate
invasions in a number of ways, for example by increasing
resource availability, which in turn reduces invader-
resident competition (Baldwin & Mitchell, 2000; Davis
et al., 2000; Hobbs & Huenneke, 1992; Lake, 2000; Lear
et al., 2020; Tilman, 2004). Disturbances may also alter
any priority effects, impact community succession and
cause resident maladaptation (Altman & Whitlatch, 2007;
Davis et al., 2000; Fargione et al., 2003; Fukami, 2015;
Stachowicz et al., 2002).

Despite a large body of work showing that disturbance
increases invader success (Altman & Whitlatch, 2007;
Lake & Leishman, 2004; Lear et al.,, 2020; Lembrechts
et al., 2016; Roxburgh et al., 2004), some studies show no
or even a negative effect (Fausch et al., 2001; Narimanov
et al., 2020). This may be due to disturbance interacting or
covarying with other key environmental variables that
affect success. Resource abundance is likely to be particu-
larly important in this context (Davis et al., 2000; Lear
et al., 2020). Where resources are abundant but not easily
accessible, disturbance is likely to play an important role
in promoting invader establishment. This is because dis-
turbance will lead to an increased availability of resources
that would otherwise be stored as biomass and depleted by
consumption (Davis et al., 2000). In communities with low
resources, the amount of resource released by disturbance
will necessarily be low (Davis et al., 2000). The relative
change in resource abundance may be equal between
resource abundant and resource poor environments fol-
lowing a disturbance, but the absolute amount released by
disturbance will be higher in a resource abundant
environment.

The effects of disturbance and resource abundance on
invasion success are likely to depend on the invader’s
life history traits (Roxburgh et al., 2004). Specifically, suc-
cessful invaders are often fast-growing “colonizer” species
(van Kleunen et al., 2010) that can quickly convert available
resources into biomass (Méchler & Altermatt, 2012), and so
are expected to excel in high disturbance and resource
abundant conditions. However, whether slower-growing
“competitor” species invade more successfully at low distur-
bance and low resource abundance remains unclear.

Disturbance and resource abundance may have addi-
tional indirect effects on invasion by altering the

composition of the resident community. On the one
hand, disturbance frequency and resource abundance
can help increase community productivity and biodiver-
sity (Agard et al., 1996; Kassen et al., 2004; Worm
et al., 2002), which in turn may make the community
more resistant to invasion (Brockhurst et al., 2006;
Hodgson et al.,, 2002; Levine & D’Antonio, 1999;
Tilman, 2004): productive and diverse communities are
more likely to contain dominant species (e.g., species
that have a disproportionally large influence on inva-
sion resistance) and have priority effects (i.e., situations
where the first species to occupy a niche has a fitness
advantage over species arriving subsequently) (Fargione
et al., 2003; Fukami, 2015; Hodgson et al., 2002). These
factors increase invasion resistance mainly by reducing
invader access to resources (Emery & Gross, 2007;
Fukami, 2015; Hodgson et al., 2002; Naeem et al., 2000;
Seabloom et al., 2003; Tilman, 2004). On the other hand,
there is growing evidence that greater levels of diversity
may facilitate invasions through increased niche dimen-
sionality (Green et al., 2011; Ricciardi, 2001; Simberloff &
Von Holle, 1999), which increases the chance of an
invader occupying a niche and leads to a negative relation-
ship between diversity and invasion resistance (Fridley
et al., 2007). Disturbance may weaken or eliminate these
effects of residents (dominant species, priority effects, and
diversity-derived niche dimensionality) by decreasing resi-
dent population sizes, opening up niches, and causing
resource influxes.

Here, we experimentally investigate the independent
and interactive effects of resource abundance and distur-
bance on invader success. We do this by invading wildtype
populations of the bacterium Pseudomonas fluorescens
SBW25 with genetically marked P. fluorescens SBW25
genotypes (Hodgson et al., 2002; Lear et al., 2020; Zhang &
Buckling, 2016) at different disturbance frequencies and
resource abundances in a fully factorial design. Invading
with the same species as the resident population allows us
to assume any differences in invader success are solely due
to treatment effects, and not differences in resident and
invader fitness. The rapid evolutionary diversification of
P. fluorescens populations into three distinct niche special-
ists (Gomez & Buckling, 2013; Rainey & Travisano, 1998)
allowed us to determine any additional effects of evolved
biodiversity and resident density—caused by disturbance
and resource variation—on invasion success (Hall
et al., 2012; Kassen et al., 2000; Koza et al., 2011; Rainey &
Travisano, 1998; Spiers et al., 2002). Although this is a
highly simplified “community” with relatively little pheno-
typic variation, diversity-disturbance relationships in this
system (Buckling et al., 2000) correspond with those in
more complex and natural microbial systems (Galand
et al., 2016; Zhang et al., 2018); it therefore offers a useful
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insight into what may happen in more complex communi-
ties. We invaded resident populations with two distinct
genotypes: a fast growing, colonizer morphotype and a
slower growing competitor morphotype (Hall et al., 2012).
The difference in growth rates between these genotypes is
due to the competitor type investing in biofilm formation,
which allows it to colonize the oxygen-rich niche near the
air-liquid interface; this carries the cost of a significantly
reduced growth rate compared to the colonizer type (Koza
et al., 2011; Spiers et al., 2002). This allowed us to deter-
mine whether the effects of disturbance and resource
abundance on invasion success was contingent on the
invader’s life history.

METHODS
Resident populations

Ancestral Pseudomonas fluorescens SBW25 was grown
overnight to carrying capacity in shaken glass vials
(microcosms) containing 6 ml of King’s medium B
(KB) at 28°C. 60 pl of this culture was then transferred
into static microcosms containing KB of varying concen-
trations (100% KB, 10% or 1%) to create different resource
abundances; KB was diluted with M9 salt solution (3 g
KH,PO,, 6 g Na,HPO,, and 5 g NaCl L™'). Five distur-
bance treatments were used, with microcosms disturbed
every 1, 2, 4, 8, or 16 days (Figure 1) by transferring 1% of

homogenized broth into fresh media (99% mortality) for
a total of 16 days. Disturbing in this way results in pulse-
type disturbances with equal disturbance intensity across
all treatments, as 1% of all populations will survive
regardless of their density. Invaders were inoculated at
days 4, 8 and 12 (Figure 1 and see Invasions). In between
transfers and invasions, all microcosms were kept static
at 28°C with loose lids to allow oxygen transfer. We used
12 replicates of each resource abundance (3) and distur-
bance frequency (5) combination, for a total of 180 micro-
cosms. Additional microcosms (n = 3 per resource
abundance x disturbance combination) were set up to
quantify resident density on day 4: the first invasion time
point. This was necessary as the sampling microcosms
required homogenization of treatments that would other-
wise not be disturbed.

Invasions

Pseudomonas fluorescens with a lacZ marker was used as
the invader; the lacZ marker makes it visually distin-
guishable from the wildtype on agar containing X-gal
(5-bromo-4-chloro-3-indolyl-f-p-galactopyranoside) due
to a blue color change (Zhang & Rainey, 2007). Although
originally reported as a neutral marker (Zhang &
Rainey, 2007), the lacZ insert has previously been found
to offer a fitness advantage to invaders (Lear et al., 2020).
The strain was left to diversify for 5 days in static KB

Invader added to
all microcosms

Invader added to
all microcosms

Invader added to
all microcosms
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combination was repeated six times, giving a total of 180 microcosms

FIGURE 1

Schematic of the experimental design. Microcosms of either 100%, 10%, or 1% resource concentration were disturbed every

1, 2, 4, 8, or 16 days (denoted by an icon of a microcosm) to test for the effects of both disturbance frequency and resource abundance on

invader success. Disturbances involved 1% transfer of homogenized broth into fresh media. All microcosms were invaded every 4 days
(immediately post-disturbance) with either a smooth (SM) or wrinkly spreader (WS) invader. Six replicates per treatment were used.
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before being plated and a single smooth (SM) and wrin-
kly spreader (WS) colony was selected, grown and stored
in 25% glycerol solution at —80°C. SM morphotypes (our
“colonizer” invader) inhabit the broth where they grow
rapidly, whereas WS (our “competitor” invader) form
biofilms at the air-broth interface: biofilm formation
increases competitive ability for oxygen but at a cost to
growth rate (Hall et al., 2012). Before each invasion, these
freezer stocks were used to grow each morphotype over-
night in shaken KB as described in Resident populations;
these cultures were diluted to 1% with M9 salt buffer
before use. All microcosms were invaded every 4 days
with 60 pl of either SM or WS invader (total colony for-
ming units [CFU] added over the three events:
SM = 8.1 x 10% WS = 6.6 x 10°). If a microcosm had
been disturbed, invasion would occur post-disturbance.
This resulted in six replicates for each disturbance by
resource  abundance combination per invader
morphotype.

Experiments finished on day 16, when all microcosms
were homogenized and a 900 pl sample was frozen in
25% glycerol at —80°C. After plating on KB agar con-
taining 100 pg/L of X-gal, wildtype, and invader SM, WS
and fuzzy spreader (FS; a rarer bottom-dwelling morph;
Rainey & Travisano, 1998) colonies were counted.

Statistical analyses

All counts were first standardized to colony-forming-
units (cfu) per ml. Invasion success (relative invader fit-
ness) was calculated as proportional change, v, of the pro-
portion of invader to resident, calculated as v = x,.
1 — x;)/%,.(1 — x,), where x; is the initial invader pro-
portion and x, the final (Ross-Gillespie et al., 2007). Ini-
tial invader proportion (x;) was calculated as the average
frequency of the introduced invader:

3[:{4,8,12}1t+Rt

1)

[ I ] 1 I
X1 =E =
I;+R;

where I, is the density of the invader introduced on day
t and R, is the density of the residents getting invaded on
day t. We could not measure resident density on days
8 and 12, because it would require destructive sampling
of undisturbed treatments. We therefore used the resi-
dent density on day 4 and assumed that Ry, Rg, and R,
were equal for 1-, 2-, and 4-day disturbance treatments.
We sampled R, for 1-, 2-, and 4-day disturbance treat-
ments during their transfers, but we could not sample R,
for 8- and 16-day disturbance treatments, as it is a
destructive process. The disturbance history up to day

4 for 8- and 16-day treatments is identical to that for
4-day treatment. We therefore assumed the resident com-
munity dynamics are the same for these three treatments,
and used R, for 4-day treatment (before the disturbance)
to calculate R, for 8- and 16-day treatments:

R4,47days
Disturbance mortality rate
_ R4,47days (2)
0.01

R48_days = Ra16—days =

where R;; is the density of the resident on day i under
j-day disturbance treatment. Based on this calculation,
we further assumed that Rg 16.days = Ri2,16-days = R4,16-days
for 16-days disturbance treatment, where Rgj6.days = R
on day 8 in the 16-day disturbance treatment and so
forth. For 8-days disturbance treatment, we assumed
R12,8—days = R4,8—days and RS,S—days = 001 R4,8—days to
account for the disturbance event on day 8.

In order to eliminate zero inflation, 1 was added to
the final invader density v (post volume standardization)
and was transformed to log(v + 1) to normalize the resid-
uals. A value >0.69 (log[1 + 1]) would indicate that the
invader increased in proportion throughout the experi-
ment, whereas a value below this would suggest that
invasion was unsuccessful.

To analyze the effect of disturbance and resource
abundance on invasion success, v, a linear model was
used to test effects of disturbance, resource abundance,
and invader morphotype, with all two-way and three-way
interactions. As the different morphotypes have distinct
growth strategies, we expected their invasion success to
be markedly different. Given a significant three-way
interaction in the most complex model, we did all further
analysis on each invader morphotype (SM and WS)
separately.

The biodiversity of the final resident populations
(invader excluded) was calculated using the Simpson’s
index D=1- " ,p? where p; is the proportion of the ith
morphotype (SM, WS, or FS) of the resident population
(Simpson, 1949). This metric is commonly used to quan-
tify diversity in this system (Buckling et al., 2000; Hall
et al., 2012; Kassen et al., 2000).

For each invader morph, separate linear models were
used to investigate treatment (disturbance frequency and
resource abundance) effects on invasion success, evolved
biodiversity and total resident density (log;o[(cfu ml ™) 4 1]).
Previous work on this system has found a unimodal effect of
disturbance on the diversity of P. fluorescens populations
(Buckling et al., 2000). To understand how this effect of dis-
turbance changes under different resource abundance, we
treated disturbance frequency as a continuous predictor
(with quadratic effect) and resource abundance as a
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categorical predictor. Treating resource abundance as a cate-
gorical predictor allowed us to easily interpret how the qua-
dratic effect of disturbance changes under different resource
abundances and allows comparisons to be made with previ-
ous work testing the effects of resources on diversity (Kassen
et al., 2000). Model selection was done using likelihood ratio
tests.

We then tested whether treatments indirectly affected
invasion success through changes in resident populations.
To do this, we first used a model with resident biodiver-
sity and total resident density, plus their interaction, as
predictors of invasion success. We then included treat-
ment (disturbance, resource abundance, and their inter-
action), alongside resident population effects as predictors
of success. The models with both treatment and resident
population effects were initially tested using an ANOVA
with type III sums of squares, then with type II if no sig-
nificant interactions were found to account for differences
in the ordering of predictors on significance testing.

Post-hoc model comparisons were used to look at sig-
nificant differences between levels of resource abun-
dances and disturbance. For pairwise comparisons of
single treatments (e.g., between high, medium, and low
resource abundances), model estimates were averaged
over other predictors in the model. Where multiple
pairwise comparisons were used, p values were adjusted

(a) Smooth invader

using Bonferroni adjustments. When comparing slopes to
0, confidence intervals overlapping zero indicated no sig-
nificant effect. All statistical analyses were carried out in
R version 4.0.3 (R Core Team, 2021).

RESULTS

Invasion success (invader proportional
change) differed between invader types

Invader success was significantly affected by a three-way
interaction between disturbance frequency, resource abun-
dance, and invader morphotype (F,;63 = 10.2, p < 0.001;
Figure 2). We therefore analyzed treatment effects on each
invading morphotype separately (Appendix S1: Table S1).
The fast-growing smooth (SM) invaders were significantly
affected by an interaction between disturbance frequency
and resource abundance (F,gs = 9.7, p < 0.001; Figure 2).
Greater disturbance increased invasion success when
resources were abundant (slope = 0.12, 95% CI [0.2, 0.050]),
but decreased success when they were of low abundance
(slope = —0.089, 95% CI [—0.020, —0.16]; Appendix SI:
Table S2). Disturbance had no significant effect under
medium resource abundance (slope = —0.048, 95% CI
[0.021, —0.12]). This meant the highest levels of SM

(b) Wrinkly spreader invader

Invasion success (log(v+1))

%) (o}

Low High

Low High

Disturbance frequency

Resource abundance

FIGURE 2

=o= | ow =e= Medium =e= High

Invasion success, log(v + 1), of (a) the smooth (SM) invader and (b) the wrinkly spreader (WS), in response to different

disturbance frequencies and resource abundances (low resources, red circles and lines; medium, blue; high, black). The variable v is the
proportional change in invader density compared to the residents; the dashed line shows the value of equal population growth rate between
residents and invaders, where invaders would have the same proportion in the community at the beginning and the end of the experiment.
Jittered points represent individual replicates. Lines show the best model fits and shaded areas show the 95% confidence interval.
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invasion occurred when both disturbance frequency and
resource abundance was high.

Wrinkly spreader (WS) success was also affected by
an interaction between disturbance frequency and
resource abundance (F,,3 = 3.31, p = 0.042; Figure 2;
Appendix S1: Table S1). Here we found disturbance to be
negative for WS success when resources were high
(slope = —0.24, 95% CI [—0.11, —0.37]), but to have no
effect when they were at medium or low abundance
(medium, slope —0.033, 95% CI [0.069, —0.14]; low,
slope = —0.076, 95% CI [0.026, —0.18]; Appendix S1:
Table S2).

Resident biodiversity was affected
unimodally by disturbance, linearly by
density

Resident biodiversity (Simpson’s index) showed the same
unimodal pattern across disturbance frequencies
irrespective of invader type (SM invader, F;gs = 10.3,
p = 0.002; WS, F,; ;9 = 7.87, p = 0.006) with the least
diverse communities at both high and low disturbance
(Figure 3). Resource abundance also altered resident bio-
diversity (SM invader, F,gs = 3.84, p = 0.025; WS,
F, 79 = 33.1, p < 0.001), with diversity being significantly

(a) Smooth invader

lower in the low resource treatment than the medium
when invaded by SM (p = 0.025) and lower than both the
medium and high resource treatments when invaded by
WS (p <£0.001 for both).

Like biodiversity, resident density showed the same
patterns irrespective of invader type (Figure 4), with an
interaction between disturbance frequency and resource
abundance significantly affecting density (SM invader,
Fogs = 49.4, p <0.001; WS, Fy,, = 47.0, p <0.001;
Figure 4). Resident density increased with disturbance

under high resources, but disturbance negatively
impacted density at low and medium resources
(Figure 4).

Resident population changes did not alter
success above the direct effects of
treatments

To test if these changes to the resident populations
impacted invasion success, we first analyzed a model
with resident biodiversity and total resident density, plus
their interaction, as sole predictors of invasion success.
Once again this was done separately for each invader
morph. SM invaders were significantly affected by resi-
dent density (Fyg3 = 5.03, p 0.028), but not by

(b) Wrinkly spreader invader
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FIGURE 3

Evolved resident Pseudomonas fluorescens biodiversity (Simpson’s index) in treatments of different disturbance frequencies

(increasing from left to right within panels) and resource abundances (low resources, red circles and lines; medium, blue; high, black) when

invaded by (a) a smooth (SM) invader and (b) a wrinkly spreader (WS). Diversity was significantly lower in the low resource treatment for

both invaders. Resource abundance and invader type affected diversity through an interaction. Jittered points represent individual replicates.

Lines show the best model fits and shaded areas show the 95% confidence interval.



ECOLOGY

7 0f 10

(a) Smooth invader

(b) Wrinkly spreader invader

1091

10”8 1

10587

Total resident density (log4[(cfu/ml) + 1])

o

High  Low

High

Disturbance frequency

Resource abundance === Low === Medium === High

FIGURE 4 Final resident density (log,o[(cfu/ml) + 1]) after 16 days in treatments of different resource abundances (low resources, red
circles and lines; medium, blue; high, black and disturbance frequencies). Panel (a) shows treatments invaded with a smooth
(SM) morphotype, panel (b) by a wrinkly spreader (WS). Jittered points represent individual replicates. Lines show the best model fits and

shaded areas show the 95% confidence interval.

biodiversity (F;gs = 2.64, p = 0.11) or an interaction
between density and diversity (F; g; = 3.06, p = 0.084). Con-
versely, the WS invader was only significantly affected by
biodiversity (Fyg = 7.07, p = 0.010), with density having
no significant effect either as a main effect (Fy 5 = 0.67,
p = 042) or through an interaction with biodiversity
(Fy.80 = 1.25, p = 0.27). This demonstrates treatments may
have indirectly affected the success of both invaders by
manipulating resident populations. We therefore tested
whether the direct effect of treatments on success remained
when these manipulations were considered. SM invaders
were still significantly affected by the interaction between
disturbance and resources (F»g, = 9.27, p < 0.001). How-
ever, we find the effect of both biodiversity and total resi-
dent density to not be significant (biodiversity, F; g, = 2.49,
p = 0.12; density, F; g, = 0.24, p = 0.63). When testing resi-
dent population effects alongside treatments on the success
of the WS invader, we no longer found any significant inter-
actions. Disturbance and resource abundance both signifi-
cantly affected WS success (F;75 = 8.27, p = 0.005 and
F,;5 = 27.8, p <0.001, respectively). However, resident
population effects did not have a significant effect (biodiver-
sity, Fi7,5 = 288, p = 0.094; total resident density,
F, 75 = 0.006, p = 0.94). We therefore show that, although
treatments had a significant effect on resident populations,
this did not have an effect on success above the direct
effects of disturbance and resource abundance.

DISCUSSION

Here, we used a microbial system to experimentally test
how disturbance frequency and resource abundance
interact to affect the success of two ecologically different
invaders. Both invaders were affected by an interaction
between disturbance and resources, however this acted
differently on each type of invader. The success of the
fast-growing smooth (SM) invader increased with
increasing disturbance frequency when resources were
abundant, but decreased when resources were low. Con-
versely, the slower growing wrinkly spreader
(WS) suffered decreasing success with increasing distur-
bance frequency under high resource abundance but was
not affected by disturbance in medium or low resource
conditions.

Disturbances are commonly linked with invasion suc-
cess (Altman & Whitlatch, 2007; Lear et al., 2020;
Roxburgh et al., 2004; Shumway & Bertness, 1994), and
the positive relationship between disturbance frequency
and SM invasion success in the resource rich treatment
supports this view. Disturbances open up resources for
the fast-growing invaders and reduce biotic resistance
(Fargione et al., 2003; Fukami, 2015; Hodgson
et al.,, 2002; Lear et al., 2020). Moreover, high resource
availability allows rapid population growth between dis-
turbances, reducing the chance of small invader
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populations being stochastically removed by disturbance.
That SM invaders had reduced fitness at low disturbance
frequency and high resource abundance was likely a con-
sequence of escalating broth toxicity and oxygen deple-
tion. Moreover, surviving residents may have reduced
invader access to resources through priority and domi-
nance effects (Hodgson et al., 2002; Zee & Fukami, 2018).
These factors (broth toxicity, oxygen depletion, and resi-
dent effects) will likely be weaker when resources are less
abundant as growth will be slower, potentially explaining
why success was higher at low disturbance when
resource abundance was lower. The inability of distur-
bances to facilitate invasion under lower resources can be
explained by disturbances not providing sufficient addi-
tional resources to benefit the invader (Lear et al., 2020).
At the lowest resource levels, the inhibitory effect of dis-
turbance on invasion is presumably because invader
populations could not grow fast enough between distur-
bances to recover. These results may offer an explanation
as to why disturbance may not always facilitate invasion
by fast-growing colonizer species.

It is likely that low disturbance and high resource
facilitated WS invasion because of its ecological niche:
WS forms a mat at the air-broth interface that provides
access to both nutrients and oxygen. Mat formation
requires a threshold density to be reached, and low dis-
turbance and high resource abundance will make this
more likely (Brockhurst et al., 2006; Buckling et al., 2000;
Hall et al., 2012). At higher disturbances and lower
resources, the slower growth rate of WS relative to SM
(Haddad et al., 2008) also likely increases the importance
of stochastic removal of WS invaders, which would have
happened less under high resources due to faster growth
rates. We therefore demonstrate that high resource abun-
dance can reduce the negative effects of disturbance on
slower-growing species. That the WS invader had much
greater success than the faster growing SM under high
resources and low disturbance shows the classical view
that invaders are fast-growing colonizer species
(Méchler & Altermatt, 2012; van Kleunen et al., 2010)
depends strongly on the new disturbance regime. This
suggests the balance between disturbance-induced mor-
tality and growth rate is an important factor deciding
invader success, with resource abundance dictating
growth rate and disturbance affecting mortality.

As well as invader success, treatments affected resident
populations, with disturbance and resources affecting resi-
dent biodiversity and total density. Consistent with previ-
ous work in this system, and with theory, we found a
unimodal disturbance-diversity relationship (Benmayor
et al, 2008; Buckling et al., 2000; Chesson, 2000;
Chesson & Huntly, 1997). This relationship between dis-
turbance and diversity was the same across resource

treatments, but diversity was lower under the lowest
resource abundance as also reported previously (Kassen
et al., 2000, 2004; Hall & Colegrave, 2007). Resident den-
sity decreasing with increasing disturbance in low and
medium (but not high) resource abundances is most is
likely explained by resource-limited growth causing slow
population recovery between disturbances. Changes to res-
ident populations were, however, found to have little indi-
rect effect on invasion resistance, with their explanatory
power nonsignificant when direct treatment effects were
included in the model. This does not rule out a role for res-
ident species but suggests that they were relatively
unimportant compared with the direct effects of treat-
ments. Further, we show factors that cause differences in
biodiversity (for example disturbance frequency and
resource abundance) need to be controlled for when study-
ing the effect of diversity on invasion resistance, as the
direct effect of these may cause the differences in success
rather than biodiversity per se (as is the case of the SM
invader here).

In conclusion, disturbance frequency and resource
abundance both affected the success of two different
invaders. Further, both invaders were differently affected
by an interaction between these factors: the fast-growing
SM success was positively associated with disturbance fre-
quency when resources were readily available, but nega-
tively when they were limited, while the slower-growing
WS was only affected by disturbance when resource abun-
dance was high. As this interaction between disturbance
and resources was mediated through two fundamental
processes, growth and mortality, we hypothesize that it
may be broadly relevant. However, more empirical and
theoretical studies are needed to understand how the pro-
cesses underlying our system’s response to disturbance
could also drive the disturbance-related patterns observed
in more complex natural systems. Additionally, and con-
trary to conventional wisdom that invaders are generally
fast-growing species, the slower growing WS invader had
very high success when disturbance was infrequent and
resource abundance high. We therefore demonstrate that,
when studying invasion ecology, multiple factors need to
be considered to create an accurate predictive theory of
invasibility, with the same disturbance frequency having
both positive and negative effects depending on resource
abundance and invader life history. Finally, we show that,
by understanding these interactions, it may be possible
through ecological manipulations of resource abundance
to reduce the effect that disturbances have on invasion
resistance.
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