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Abstract

Irruptive or boom-and-bust population dynamics, also known as ‘outbreaks’, are an important phenomenon that has been
noted in biological invasions at least since Charles Elton’s classic book was published in 1958. Community-level conse-
quences of irruptive dynamics are poorly documented and invasive species provide excellent systems for their study. African
Jewelfish (Rubricatochromis letourneuxi, ‘“jewelfish”) are omnivores that demonstrate opportunistic carnivory, first reported
in Florida in the 1960s and in Everglades National Park (ENP) in 2000. Twelve years after invasion in ENP, jewelfish under-
went a 25-fold increase in density in one year. By 2016, jewelfish represented 25-50% of fish biomass. Using a 43-year
fish community dataset at two sites (1978-2021), and a 25-year dataset of fish and invertebrate communities from the same
drainage (1996-2021), with additional spatial coverage, we quantified differences in fish and invertebrate communities dur-
ing different phases of invasion. During jewelfish boom, abundant, native cyprinodontiform fishes decreased in density and
drove changes in community structure as measured by similarity of relativized abundance. Density of two species declined
by >70%, while four declined by 50-62%. Following the jewelfish bust, some species recovered to pre-boom densities while
others did not. Diversity of recovery times produced altered community structure that lagged for at least four years after the
jewelfish population declined. Community structure is an index of ecological functions such as resilience, productivity, and
species interaction webs; therefore, these results demonstrate that irruptive population dynamics can alter ecological func-
tions of ecosystems mediated by community structure for years following that population’s decline.
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Introduction

Irruptive, or boom-and-bust, population dynamics are an
ecological phenomenon that has been observed in a vari-
ety of taxa with implications for ecosystem function, con-
servation, and human health (Pimentel 1961; Myers 1998;
Communicated by Catherine Price. McCann et al. 2000; Ma 2020; Lopez-Maiias et al. 2022).
Irruptive population dynamics are common for invasive
species and provide an opportunity to increase our under-
standing of population outbreaks in general (Elton 1958).
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Population declines of invasive species without human
intervention are poorly studied and infrequently documented
(but see Szydlowski et al. 2023), which has led to a lack of
understanding about the persistence of community impacts
from pulsed invasion dynamics (Simberloff and Gibbons
2004; Aagaard and Lockwood 2016). Declines are some-
times the result of a self-induced negative feedback from
effects of invasive populations on recipient ecosystems, such
as depletion of resources or altered habitat (Tang et al. 2012;
Lester and Gruber 2016; Vuorinen et al. 2021), but little
is known about post-disturbance community resilience of
native communities and ecosystems (Carpenter et al. 2001;
Strayer et al. 2017). For managers to make informed deci-
sions about control, eradication, and/or active restoration,
a better understanding of the mechanisms and impacts of
natural population declines of invasive species is needed
(Simberloft and Gibbons 2004).

Non-native and invasive species that persist at low den-
sities—"‘sleeper populations”, either from the onset of their
invasion or following a natural population decline, may
eventually undergo irruptive population growth as part of a
boom-bust cycle extending their impacts (Strayer et al. 2017;
Spear et al. 2021; Vuorinen et al. 2021). In some instances,
effects of the invasive species persist beyond their declines
when impacts are severe (e.g., extirpation of native species),
there has been a shift between alternative stable states, or
in the presence of additional invasions (Weber and Brown
2009; Hansen et al. 2013; Strayer et al. 2017). For exam-
ple, after 33 years of declines of rusty crayfish (Faxonius
rusticus), macrophyte abundance and richness recovered to
levels present in low-crayfish references lakes. While snail
abundance and richness recovered, their approach to pre-
invasion abundance lagged behind macrophyte recovery and
failed to reach levels of reference lakes (Szydlowski et al.
2023). Rusty crayfish effects on snail abundance and rich-
ness persisted after the bust because snails depend on mac-
rophytes for habitat (Szydlowski et al. 2023). Conversely,
zebra mussels (Dreissena spp.) in the Hudson River estuary
undergo repeated boom-bust cycles that do not correlate
with zooplankton biomass as one might expect (Pace et al.
2010). Effects of invasive species do not always correspond
to their population size. The relationship between invasive
species density and impact may be nonlinear because of
shifts in traits in the invasive population, or because effects
can be time-lagged, hysteretic (i.e., a new stable state has
been reached), or irreversible (Yokomizo et al. 2009; Pace
et al. 2010; Dostal et al. 2013; Strayer et al. 2017).

The greater Everglades ecosystem is undergoing the larg-
est ecological restoration effort in history, with total costs
expected to exceed $20 billion (Sklar et al. 2005). However,
17 non-native fishes have been found in the freshwaters of
ENP, compared to 39 native species (Loftus 2000; Kline
et al. 2013). Most of these non-native fishes persist at low
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densities (Trexler et al. 2002), but there are notable excep-
tions (Harrison et al. 2013, Pintar et al. 2023a, b). Until
recently, planning for Everglades restoration has overlooked
non-native and invasive fishes (National Academies of Sci-
ences 2014), and lack of data has sometimes been conflated
with lack of effects (Schofield and Loftus 2015). Everglades
restoration aims to restore historic populations of iconic
predators (i.e., wading birds and alligators) by implementing
water-management policies that increase production of their
prey (Trexler and Goss 2009). Invasive fishes may under-
mine these goals (Pintar et al. 2023a, b).

A particular invasive species of concern is the African
Jewelfish, (Hemichromis letourneuxi, proposed placement in
Rubricatochromis by Lamboj and Koblmiiller (2022); here-
after “jewelfish”). Jewelfish are a mid-trophic level fresh-
water fish that arrived in Florida in the 1960s and invaded
Everglades National Park (ENP) in 2000 (Kline et al. 2013).
In mesocosms and in temporary seasonal refuges, jewelf-
ish had deleterious effects on native fishes and invertebrates
(Rehage et al. 2014; Schofield et al. 2014). Jewelfish existed
at low densities in ENP as a sleeper population until rapidly
increasing (> fivefold) in density after 2012 (ESM 1.3).

After adjusting for variable hydrodynamics of the Ever-
glades, Pintar et al. (2023a) used data from 1996 to 2021 to
demonstrate significant density reductions of four common
native fishes associated with the rapid increase in jewelfish
density (“boom”) from 2012 to 2017. Additionally, Pintar
et al. (2023a) found that jewelfish density declined by 2018
(“bust™), and afterwards, modeled native fishes recovered to
expected population density based on hydrologic models.
Community structure of the full suite of fishes and inver-
tebrates was not analyzed by Pintar et al. (2023a) though
community structure based on species relative abundances
have been appreciated in ecology for many decades (MacAr-
thur 1960; Tokeshi 1993), and effects at a community scale
might differ from previously documented population-level
recovery.

In this study, we explored the effects of jewelfish boom-
bust dynamics on native communities of fishes and macroin-
vertebrates in ENP. We incorporate a hydrologic covariate
in statistical models at multiple spatial and temporal scales
to control for the dynamic nature of the study system (e.g.,
Trexler et al. 2005). We used two long-term data sets: one
of only fishes that was continuous from 1978 through 2021
(43 years), and a shorter time series from 1996 through
2021 (25 years) with greater spatial coverage that included
both fishes and aquatic macroinvertebrates. These data pre-
sented a rare opportunity to compare communities in the
pre-invasion period, post-invasion/pre-boom (low density—
sleeper population) period, boom period, and bust period.
They allowed us to search for both phase-dependency of
impacts and recovery rate (resilience) of the native assem-
blages (Blossey 1999; Strayer et al. 2006; Strayer 2012). We
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predicted that (1) during the beginning of the jewelfish inva-
sion prior to the boom, community structure would not devi-
ate from patterns of historic variation, (2) that the jewelfish
boom would alter fish and macroinvertebrate communities
from low density and pre-invasion structure, (3) that after the
jewelfish bust, fish and macroinvertebrate community struc-
ture would return to pre-jewelfish boom communities cor-
responding with recovery of individual populations (Pintar
et al. 2023a), and (4) that time since hydrologic disturbance
will play a larger role in community structure than biotic
effects (i.e., jewelfish boom-bust dynamics), as shown by
previous studies in this ecosystem (Trexler et al. 2005; Pintar
et al. 2023a, b). We hypothesized that specific species that
might decline from jewelfish effects would include native
sunfishes, thought to be competitors with cichlids (Montafia
and Winemiller 2013), and native cyprinodontiform fishes,
Riverine grass shrimp (Palaemonetes paludosus), and odo-
nate larvae, thought to be prey items of jewelfish based on
studies in their native range and the Everglades (Hickley
and Bailey 1987; Rehage et al. 2014; Schofield et al. 2014).

Methods
Study sites and sampling design

Monitoring sites were established in Everglades National
Park in 1978 and expanded to a greater spatial coverage in

1996 to monitor responses of aquatic animals to changes
in water management (Fig. 1; Loftus and Eklund 1994;
Trexler et al. 2003). From July 1996 through December
2021 (25 years), fishes and invertebrates were collected
using a 1-m2, 2-mm mesh throw trap (Loftus et al. 1990;
Jordan et al. 1997). In each sampling period (five per year:
February, April, July, October, and December), seven
throw-trap samples were taken during daylight hours at
three plots (A, B, C) at sites (21 throws per site) in the
two major drainages of ENP, Shark River Slough (SRS)
and Taylor Slough (TS), and in Water Conservation Areas
3A and 3B (Trexler et al. 2005). Fishes <8 cm stand-
ard length (SL) were preserved, while larger fishes were
identified, SL measured, and released. While plots were
at fixed locations, throw-trap samples within a plot were
taken at positions determined from a random number table
(Wolski et al. 2004). After 1996, 367 samples were typi-
cally collected for each of the sampling periods (throws
x plots x sites) and 1835 were taken annually; fewer sam-
ples were taken during drought years when some dry plots
were unsamplable. We focus our analyses on sites in SRS
where the jewelfish population demonstrated boom-bust
dynamics (Pintar et al. 2023a). At two SRS sites (06 and
23), sampling began in 1978. However, from 1978 to 1985
sampling occurred monthly at one plot at each site, and
the number of throw traps performed was determined by
estimates of inter-sample variance (Kushlan 1974; Trexler
et al. 2005). For inter-period comparisons, our analyses
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Fig.1 Map of long-term aquatic-animal monitoring sites in Shark
River Slough, Everglades National Park (grey polygon). Additional
sites were sampled but not included in this study. Each site (labeled
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on map) has multiple plots. At sites 6 and 23, plot A has been sam-
pled continuously since 1978
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were performed using mean species density (individuals
per m?) at each site per sampling period.

Data analysis

To compare community structure through time, we first
plotted jewelfish density and biomass (g ash-free dry mass
(AFDM)/m?) at each site from 1996 through 2021 to delin-
eate the jewelfish boom and bust. Biomass was calculated
using length—weight relationships and standard conversions
(Electronic Supplementary Material, ESM 1.5). Data prior to
1996 were not used here because jewelfish invaded ENP in
2000. We analyzed differences in fish-community structure
from 1978 through 2021 and invertebrate-community structure
from 1996 through 2021. Fish communities were analyzed at
sites 06 and 23 throughout the entire time series, while fish
(ESM 1.2) and invertebrate communities at all sites in Shark
River Slough were analyzed from 1996 through 2021. Data
were partitioned into time periods based on two factors: dif-
ferent hydrological regimes during the pre-invasion period
that could influence community assemblage (ESM 1.1) and
phases of invasion. There are five pre-invasion time periods
(Pre-invasion 1 through 5) and three post-invasion time peri-
ods (low density (2000-2011), boom (2012-2017), and bust
(2018-2021)). The five pre-invasion time periods facilitate
quantifying variation in community structure based on changes
in hydrology. Community assemblages were visualized with
non-metric multidimensional scaling (NMDS) and compared
among time periods using permutational multivariate analysis
of variance (PERMANOVA) with Morisita-Horn dissimilari-
ties (Jost et al. 2011). PERMANOVA models included both
invasion status (“‘Status” in tables and figures) and a hydro-
logic measure of disturbance, DSD (days since dry, a meas-
ure of time since disturbance, where dry is defined as water
depth<5 cm). NMDS and PERMANOVA were repeated
using Bray—Curtis dissimilarities for comparison (ESM).
We use similarity percentages (SIMPER) analysis to identify
species contributing to the top 95% of dissimilarity between
phases of invasion. NMDS, PERMANOVA, and SIMPER
were conducted in R using the ‘vegan’ package (Oksanen et al.
2022; R Core Team 2022) with and without jewelfish included
in the community (results were nearly identical, so we report
only those without jewelfish to focus on changes in native spe-
cies). Post hoc pairwise PERMANOVAs were performed to
determine which time periods were different from one another
using pairwise.perm.manova function from the ‘RVAidMem-
oire’ package in R (Hervé 2022).
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Results

At long-term monitoring sites in SRS, jewelfish demon-
strated boom-bust dynamics over time. Jewelfish density
and biomass rapidly increased starting in 2012 (boom)
but substantially declined (bust) by 2018 (Fig. 2). PER-
MANOVA demonstrated that invasion status (Pseudo-
F, =128, R*=0.22, p <0.001), time since disturbance
(DSD: Pseudo-F,; =12.8, R?>=0.14, p <0.001), and their
interaction (Pseudo-F,=6.8, R*=0.07, p <0.001) had sig-
nificant effects on fish-community structure. The signifi-
cant interaction showed that the fish-community response
to hydrologic-disturbance varied among phases of inva-
sion. Pairwise PERMANOVAs indicated that fish com-
munities during boom (2012-2017) and bust (2018-2021)
were distinct from all other time periods (back to 1978),
but not from one another (Fig. 3, Fig. S1, Table 1). Despite
the decline in jewelfish density and biomass (Fig. 1), the
fish community did not return to the jewelfish low den-
sity (2000-2011) nor any pre-invasion structure. The fish
community from the jewelfish boom compared to that
immediately before the jewelfish boom (low density) was
characterized by notably fewer of the dominant cyprino-
dontiform fishes such as Eastern Mosquitofish (Gambusia
holbrooki, change in mean density =-61%), Least Killifish
(Heterandria formosa, -56%), Lake Chubsucker (Erimyzon
succetta, -76%), Sailfin Molly (Poecilia latipinna, -70%),
Golden Topminnow—(Fundulus chrysotus, -36%), and
Flagfish (Jordanella floridae, -51%), and two small cen-
trarchid species—Everglades Pygmy Sunfish (Elassoma
evergladei, -52%) and Bluespotted Sunfish (Enneacan-
thus gloriosus, -17%; Figs. 4, 5, Table S3). A larger cen-
trarchid, Spotted Sunfish (Lepomis punctatus), increased
during the jewelfish boom (86%). Relative to before the
jewelfish boom, declines of mean density of these spe-
cies were maintained at similar or larger magnitudes after
the jewelfish bust except for Bluespotted Sunfish, which
increased after jewelfish declined (Table S3, Figs. S2—-S4).
Differences in community structure at a larger spatial but
shorter temporal scale (all sites in SRS from 1996 to
2021), yielded similar results except for Everglades Pygmy
Sunfish, which steadily increased in density during each
phase of invasion (Fig. S5, Table S4).

Invertebrate communities during and after the jew-
elfish boom differed from pre-invasion and pre-boom
invertebrate communities, but not from one another.
PERMANOVA showed that invasion status (Pseudo-
F;=24.2, R*=0.040, p <0.001), DSD (Pseudo-F, = 104,
R?>=0.056, p<0.001), and their interaction (Pseudo-
F;=2.68, R?=0.004, p=0.023) were significant with
DSD and invasion status explaining similar amounts
of variation (Table 2A). However, the model explained
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Fig.2 Jewelfish relative abundance (individuals per m?) (A) and relative biomass (g AFDM per m?) (B) from 1996 through 2021. Vertical
dashed lines represent jewelfish invasion of ENP in 2000 (black), boom phase of the invasion from 2012 through the end of 2017 (red)

relatively little of the overall variation in the data. Pairwise
PERMANOVASs indicated that the only invertebrate com-
munities that did not differ from one another were boom

and bust communities (p =0.061; Table 2B). This lack of
difference was marginal (95% confidence ellipses barely
overlapped); however, boom and bust communities are

@ Springer
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Fig.3 NMDS (stress=0.16, k=2) of fish communities from different
phases of the jewelfish invasion (Status) from 1978 through 2021 (see
Electronic Supplemental Material for definitions of and rationale for
each level of Status) at sites 06 and 23 in SRS. Pre-jewelfish invasion,
fish communities oscillated through time along an axis from bottom
left to top right. Severe drought in 1989-1990 caused the commu-
nity to become more variable and move towards the top right. Post-
jewelfish invasion, fish communities orthogonally diverged from the

closer to each other than other groups in ordination space
(Fig. 6). Relative to years of low densities of jewelfish
beforehand, invertebrate communities during the jewelfish
boom were characterized by decreases in mean density of
pennant (Celithemus spp., -17%) and skimmer (Libellula
spp., -24%) dragonfly larvae and planorbid snails (Planor-
bella spp., -65%). Each of those taxa underwent increases
in mean density from the MDW period (1996-1999) to
the low-density period (2000-2011). In contrast, other
taxa increased during the jewelfish boom relative to low
density, such as creeping water bugs (Pelocoris femoratus,
47%), giant water bugs (Belostoma spp., 77%), damselfly
larvae (Coenagrionidae, 47%), beetle larvae (Coleoptera,
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pre-invasion pattern (excluding that severe drought) towards the top
left with nearly complete overlap between “Boom” and “Bust” com-
munities. Ellipses represent 95% confidence intervals. Species names
are abbreviated below illustrations as first three letters of the genus
followed by first three letters of the species (Table S1). Jewelfish were
omitted from analyses, but when included appeared in the top-left
corner. The ten species with the highest mean density over the entire
time series are plotted in NMDS space

95%), and mayfly larvae (Ephemeroptera, 343%) (Fig. 7,
Table S5).

Discussion

Irruptive dynamics of a trophic generalist (e.g., jewelfish)
were linked to a range of multi-directional impacts on com-
munity assembly that persisted after jewelfish population
decline. These effects may be attributed to frequent distur-
bance, hysteresis, priority effects, and/or strength of effects
even at low densities. Contrary to our hypothesis, hypoth-
esized biotic effects from jewelfish explained more variance
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Table1 A PERMANOVA results for comparisons of fish com-
munities among periods of the jewelfish invasion (Status; see Elec-
tronic Supplementary Material for definition of each level of Status)

accounting for hydrology (DSD—days since dry, depth<5 cm) and B
pairwise PERMANOVA results for comparisons of fish communities
between each period of jewelfish invasion (all values are p-values)

R2

Factors df SS Pseudo-F p-value

Status 7 6.14 0.22 19.89 0.001

DSD 1 3.91 0.14 88.61 0.001

Status X DSD 7 1.96 0.07 6.34 0.001

Residual 375 16.55 0.58

Total 390 28.56 1.00

Status Boom Bust Low density Pre-invasion5 Pre-invasion| Pre-invasion2 Pre-invasion3
Bust 0.2455

Low density 0.0014 0.0014

Pre-invasion5 0.0027 0.0014 0.0061

Pre-invasionl 0.0014 0.0014 1 0.0014

Pre-invasion2 0.0014 0.0014 0.89 0.0014 0.0051

Pre-invasion3 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014

Pre-invasion4 0.0014 0.0014 0.0067 0.0014 0.0014 0.0067 0.0014

Statistically significant results are in bold font. Data for these analyses are from 1978 to 2021

in community structure than time since hydrologic distur-
bance, which is commonly a strong parameter in analyses of
dynamics of this community (e.g., Ruetz et al. 2005; Trex-
ler et al. 2005; Banet and Trexler 2013). For the fish com-
munity, altered structure was observed at multiple spatial
and temporal scales: two sites over a 43-year period and an
additional four sites over a 25-year period. Differences in
fish-community structure were driven by declines in some of
the most abundant fishes (e.g., Eastern Mosquitofish, Least
Killifish, Golden Topminnow, and Flagfish) that are also
abundant species in diets of other fishes and wading birds
(Klassen et al. 2016; Flood et al. 2023). Changes in inver-
tebrate-community structure included declines in dragonfly
larvae and planorbid snails along with increases in some
predatory taxa like creeping water bugs and giant water
bugs. These multispecies dynamics may have consequences
for relative amounts of autotrophic versus heterotrophic
energy flow (planorbid snails) or predation pressure (creep-
ing water bugs and giant water bugs). Community structure
is an index for ecological functions such as resilience, pro-
ductivity, and species interaction networks (Mayfield et al.
2023). Therefore, these results demonstrate that irruptive
population dynamics can be linked to disrupted ecological
function of ecosystems for years following that population’s
decline.

Several native species recovered after the jewelfish bust
relative to predicted densities modeled based on hydrologic
covariates (Pintar et al. 2023a), while a lack of community-
wide recovery was observed based on relative abundances in
this study. This result may have important implications for
assessing invasive species and evaluating ecological theory.
Impacts from invasive species are notoriously difficult to

evaluate (Parker et al. 1999; Simberloff et al. 2013). One
contributing factor is that many studies have information for
one dimension of an invasive species’ potential impact(s),
such as the effect of that invasive species on density of one
or several native taxa, which can misrepresent the net effects
of invasive species on recipient ecosystems at other levels of
ecological organization (Flood et al. 2020; Crystal-Ornelas
and Lockwood 2020). In the case of jewelfish in ENP, if
study of this invasion had stopped at recovered densities
of several native species (Pintar et al. 2023a), community-
level effects would have gone undocumented, with poten-
tial implications for resources devoted to invasive-species
management. This scenario is limited to neither jewelfish
in ENP nor invasion biology; based on our results, we sug-
gest that relative abundance should be considered in tandem
with total abundance (e.g., density or biomass) for a more
comprehensive understanding of both effects of invasive spe-
cies and ecological theory across multiple ecological scales
(i-e., populations—total abundance, communities—relative
abundances, and ecosystems).

Altered community structure measured by relative
abundance for both fishes and invertebrates persisted even
after the jewelfish bust. Similar results were observed for
invasive cane toads (Rhinella marina) in Australia, where
the native community did not recover following cane toad
declines (Brown and Shine 2019). There are several pos-
sible mechanisms for community recovery to lag popula-
tion recovery (Pintar et al. 2023a): frequent disturbance
(drying) may delay community assembly after droughts,
community changes may require more energy or effort
to reverse than was required to cause those changes (i.e.,
they are hysteretic), even at low densities jewelfish may

@ Springer



Oecologia

Low Density vs Boom

N
1

w
1

Average Density of Fishes - Individuals/m2

Time Period

. Low Density

Boom

i
< < < S < <D < < <
&£ 2 £ S & S & £ &
S S N IS & S S 5 S
x S s IS T S %) %] %)
IS S ~ IS S
'S %] D S > > jol A
() J qr_,v ~ (%] 2 2 IS
9 < 3 o 5 § S
Q IS ) Q Q q
$ g ? 3 g
& o & <4
W o
S
9
&
Species

Fig.4 Differences in average density of fishes between low density
and jewelfish boom phases of invasion that explained 95% of the
variance between these time periods. Species are ordered left to right

exert negative effects on native species, and/or jewelf-
ish invasion reset priority effects and interaction webs
that maintain post-jewelfish boom relative abundances
(Drake 1991). Priority effects usually benefit invasive
species more than native species, and native species pay
a higher cost for arriving late (Dickson et al. 2012; Stuble
and Souza 2016; Weidlich et al. 2021). In mesocosms,
experiments have demonstrated initial conditions can cre-
ate alternate food-web stable states (Chase 2003). These
studies suggest that altered initial conditions post-invasion
reset priority effects and may contribute to changes at the
community level and thus food-web structure (Vander
Zanden et al. 2006). This idea is akin to the trophic cas-
cade in the Greater Yellowstone Ecosystem that resulted
from reintroduction of wolves. Wolf reintroduction created
an alternate food-web stable state through altered herbi-
vore behavior driving increases in riparian tree recruitment
and improved bird nesting sites, among other effects at
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from most to least abundant throughout the entire dataset and listed
by common name (Table S1). Error bars represent two standard devi-
ations. Pairwise comparisons for all time periods are in Fig. S4

multiple trophic levels (Osborne and Kovacic 1993; Berger
et al. 2001; Ripple et al. 2001). Additional research is
needed to understand how jewelfish have altered energetic
and dynamics linkages within this food web.

Even at low jewelfish densities, fish and invertebrate
communities did not converge on pre-boom communities.
The density threshold at which invasive species effects are
detectable may be high relative to the densities where they
impact interaction webs (Yokomizo et al. 2009; Parkos
et al. 2019). For example, effects of Peacock Bass (Cichla
monoculus) introduction to Lake Gatun observed by Zaret
and Paine (1973) were the result of Peacock Bass densities
of <0.05 fish/m?. Native fish communities in Lake Gatun
had not recovered 45 years later, despite Peacock Bass den-
sities remaining relatively low (Sharpe et al. 2017). While
the effects of jewelfish documented here are not as severe
as effects of Peacock Bass demonstrated by Zaret and Paine
(1973), our results emphasize that recovery of native taxa in
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Fig.5 Average density of eight fish species and total fish density
at sites 06 and 23 during different water management regimes and
phases of jewelfish invasion (Status) that explained the most commu-
nity dissimilarity. Species are listed in order from highest (top left) to
lowest (bottom right) mean density throughout the time series. East-
ern Mosquitofish, Everglades Pygmy Sunfish, Golden Topminnow,

Table2 A PERMANOVA results for comparisons of aquatic-mac-
roinvertebrate communities among periods of the jewelfish invasion
(Status; see Electronic Supplementary Material for definition of each
level of Status) accounting for hydrology (DSD—days since dry,

Least Killifish, and Sailfin Molly have decreased in density since
the jewelfish invasion and did not increase during the bust. Note that
y-axis scales are different for each panel. Error bars represent upper
bounds of two standard deviations and lower bounds were near zero
for all species

depth <5 cm) and B pairwise PERMANOVA results for comparisons
of aquatic-macroinvertebrate communities between each period of
jewelfish invasion (all values are p-values)

Factors df SS R? Pseudo-F p value
Status 3 5.94 0.040 24.177 0.001
DSD 1 8.48 0.056 103.584 0.001
Status X DSD 3 0.66 0.004 2.683 0.023
Residual 1651 135 0.900

Total 1658 150 1.000

Status Boom Bust Low density
Bust 0.0610

Low density 0.0012 0.0012

Pre-invasion5 0.0012 0.0012 0.0012

Statistically significant results are emboldened. Data for these analyses are from 1996 to 2021
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Fig.6 NMDS (stress=0.12, k=2) of aquatic macroinvertebrate com-
munities from different phases of the jewelfish invasion (Status) from
1996 through 2021 (see Supplemental Information for definitions of
and rationale for each level of Status) across all sites in SRS. Ellip-
ses represent 95% confidence intervals. The only two communi-
ties that have any ellipse overlap and did not statistically differ from
each other were “boom” and “bust” (although this was marginal with

the presence of a low-density invasive species is not guaran-
teed (Brown and Shine 2019).

We found support for our hypothesis that centrarchids
would decrease in density post-jewelfish invasion, possi-
bly because of competition that results from niche overlap
(Montafia and Winemiller 2013) and similar body size.
Smaller sunfish species (i.e., Bluespotted and Pygmy sun-
fishes) decreased in density during the jewelfish boom, while
Spotted Sunfish, with a larger terminal size than jewelfish,
increased in density. If exploitative competition was the pri-
mary driver of altered community structure, theory predicts
that generalist species would persist (Holt et al. 1999). Our
results regarding sunfishes are consistent with this predic-
tion. In addition to being smaller, Bluespotted and Pygmy
Sunfishes are also more specialized in their feeding, with
diets consisting almost entirely of omnivorous invertebrates,
while Spotted Sunfish are generalists that eat detritus, pri-
mary producers, and a variety of invertebrates and small
fishes (Flood et al. 2023). Invasive species that displace
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p=0.06, Table 2). Without the same amount of historic data that the
fish community had at sites 06 and 23, it was impossible to determine
long-term trends (prior to 1996) that provide context to pre- and post-
invasion patterns. Taxa are abbreviated by either the first six letters of
taxonomic group for groups not identified to species, or first three let-
ters of genus and first three letters of species (Table S1)

native biota, such as jewelfish in this study, are predicted
to not only be superior resource exploiters, but also exert
strong interference effects on native fauna (Amarasekare
2002). Subordinate species often undergo niche contraction
in the presence of a dominant competitor (Pianka 1974; Case
and Gilpin 1974). Further study is required to determine
how niches of native sunfishes have responded to jewelfish
invasion to better understand relative importance of differ-
ent competitive interactions between invasive species and
native analogs.

Many native species that declined in density after jewelf-
ish invasion are prey taxa based on previous work in the
Everglades and their native range (Hickley and Bailey 1987;
Rehage et al. 2014), suggesting that jewelfish are exerting
top-down effects on native fauna. Despite the comparatively
small size of jewelfish, the observed declines in native fauna
are like those observed from invasive predators such as sal-
monids, centrarchids, and lake trout (Crowl et al. 1992;
Vander Zanden et al. 1999; Koel et al. 2019). Each of those
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Fig. 7 Differences in average density of aquatic macroinvertebrate
taxa between the low density and boom phases of jewelfish inva-
sion during different phases of jewelfish invasion that explain 95%
of the variance per comparisons. Taxa are ordered from most to least
abundant throughout the entire dataset. Grass shrimp and creeping

invasions has been responsible for trophic cascades and/
or ecosystem-level impacts (Simon and Townsend 2003;
Cucherousset and Olden 2011; Wainright et al. 2021). It
remains to be seen if jewelfish have had similar effects in
the Everglades. Nonetheless, these results support the idea
that mid-trophic-level consumers can exert dramatic effects
on ecosystems by having a range of trophic positions, rapid
response to environmental change, intraguild predation,
and relatively high numeric abundance (Taylor et al. 2001;
Stewart et al. 2017). The central location of these taxa in
the food web leads to multi-directional effects that can have
consequences for ecosystem functions and services (Flood
et al. 2020).

Small fishes that declined during jewelfish invasion are
important diet items for wading birds (Boyle et al. 2012;
Klassen et al. 2016). Snowy Egrets (Egretta thula) and
Tricolored Herons (Egretta tricolor) rely heavily on Sailfin
Molly and topminnows (Fundulus spp.), which declined by
70 and 36%, respectively, after the jewelfish boom (Boyle
et al. 2012; Klassen et al. 2016). White Ibis (Eudocimus

water bug were omitted because those taxa were several times more
abundant than the next most abundant taxa. As a result, they also
explained the largest portion of variance among time periods (Fig.
S10). Pairwise comparisons between all time periods are in Fig. S10.
Error bars represent two standard deviations

albus) prefer crayfish but switch to piscivory when fishes
become seasonally concentrated (Kushlan 1979; Dorn
et al. 2011; Boyle et al. 2012). Little Blue Heron (Egretta
caerulea) diets from 2012 to 2014 (during the jewelfish
boom) had jewelfish as the most abundant diet item, fol-
lowed by Spotted Sunfish and Dollar Sunfish (Lepomis
marginatus) (Klassen et al. 2016). Quantitative wading-
bird diets prior to jewelfish invasion do not exist for many
species (Klassen et al. 2016), so it is unclear whether die-
tary changes by wading birds have occured because of the
jewelfish boom. An important element of Everglades resto-
ration is to facilitate irruptive dynamics of breeding wad-
ing birds and the consistent return of large breeding colo-
nies in ENP (Frederick et al. 2009; National Academies
of Sciences Engineering and Medicine 2021). Declines in
native-fish populations and altered fish and invertebrate
community structure because of invasive fishes such as
jewelfish may have negative effects on wading-bird breed-
ing success despite tremendous effort and resources being
devoted to hydrologic restoration.
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At present, jewelfish represent a “sleeper” population,
as they were during the first decade of their invasion in
ENP, persisting at low abundances with potential to rap-
idly increase in density if triggered by disturbance or envi-
ronmental change (Spear et al. 2021). Such low abundance
populations of non-native species are often overlooked.
However, low-abundance populations present an opportu-
nity for more efficient and effective management actions
when each individual represents a higher proportion of the
population. Not attempting to remove potentially invasive
species when they are at low abundance risks the popu-
lation rebounding (Aagaard and Lockwood 2016). In the
Everglades, frequent disturbance (Trexler et al. 2005) and
additional invasive species expanding their range (Pintar
et al. 2023b) elevate the risk of a sleeper population under-
going rapid population growth (Spear et al. 2021). Given
the globally increased potential for anthropogenic distur-
bance and directional environmental change, coupled with
the accelerating spread of non-native species, documenting
and understanding impacts of irruptive or boom-and-bust
population dynamics and associated sleeper populations,
are critical for managing not just non-native and invasive
species, but also native populations and communities that
undergo outbreaks (Seebens et al. 2017; Strayer et al. 2017;
Ratajczak et al. 2018; Spear et al. 2021; Pimentel 1961). In
the case of jewelfish, even after population decline there
remains ecological damage measured at multiple spatial and
temporal scales with unknown consequences for ecosystem
functions and services.
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