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Abstract

Aims: Contemporary climate change and biological invasions are two main drivers
of biodiversity redistribution. Interactive effects between these drivers have been
reported in a variety of studies, yet results are conflicting. Some studies find that
contemporary climate change facilitates the spread and success of non-native spe-
cies, especially those with broad physiological tolerances. Other studies conclude
that non-natives are vulnerable to current and future changes in climatic conditions.
Given that most studies have focused on terrestrial species, here we contribute to
this debate by analysing responses of marine native and non-native fauna and flora
to key climate-related stressors, namely increased temperature (warming) and de-
creased salinity (freshening).

Location: Global.

Time period: 2002-2019.

Major taxa studied: Marine benthic macrophytes and invertebrates.

Methods: We conducted a meta-analysis of experiments investigating the perfor-
mance (e.g. growth, survival and reproduction) of benthic species in response to
warming and freshening.

Results: We found that non-native species tended to respond positively to elevated
temperature, whereas the performance of native species declined. Similarly, de-
creased salinity negatively affected the biological processes of native species, but
non-natives showed neutral or negative overall responses to freshening.

Main conclusions: We find evidence that non-native species outperform natives
under a wide variety of warming and freshening conditions. The growth and re-
production of non-natives are enhanced by warmer temperatures, and thus ocean
warming is expected to facilitate future spread and success of non-native species.
Increased freshening along future coastal areas, however, will likely have a negative
impact in both native and non-native species and thus is expected to be a driver of
significant change in coastal marine ecosystems. Our comprehensive analysis high-
lighted the need to expand our understanding of climate change effects beyond

warming and specifically, studies focusing on salinity changes.
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1 | INTRODUCTION

Ecosystems around the globe are increasingly threatened by con-
temporary climate change and the spread of non-native species
(Early et al., 2016). Altered temperature and precipitation regimes
(Pfleiderer et al., 2019) lead to profound effects on species’ perfor-
mances and distributions (Pecl et al., 2017). For example, climate
change drivers are directly responsible for altering species phe-
nology and ecosystem functioning (Smale et al., 2019; Wernberg
et al., 2013; Wolkovich & Cleland, 2010). In addition, non-native
species affect native populations, transforming entire recipient
communities and leading to major redistributions of local and re-
gional biota (Ehrenfeld, 2010; Katsanevakis et al., 2014). A growing
number of studies suggest that these drivers can act synergistically
leading to negative ecosystem effects and exacerbating the impacts
of non-natives (Hulme, 2017). Indeed, environmental variability has
been shown to enhance the performance of non-natives relative
to native species, either directly by improving abiotic conditions
(Hellmann et al., 2008) or indirectly by inhibiting the fitness of native
competitors or potential predators (Hillebrand, 2011; Wolkovich &
Cleland, 2010). Understanding how different taxonomic and func-
tional groups respond to climate change is then critical, especially
as they play different ecological roles and therefore shifts in their
distribution and abundance may have contrasting wider impacts on
ecosystems (Karatayev et al., 2014; Kumschick et al., 2014; Layton
etal., 2019).

Recent reviews and meta-analyses have focused on assessing
the effects of climate change drivers on both native and non-native
species’ performance. Sorte et al. (2013) found that non-natives
consistently outperform natives in aquatic ecosystems. Similarly,
Bates et al. (2013) found greater heat tolerance in non-natives than
closely related natives across different aquatic ecosystems. In turn,
Stephens et al. (2019) reported overall negative effects of both tem-
perature and CO, increases on non-native performance in both ma-
rine and freshwater ecosystems. These conflicting results suggest
further analysis of the effects of climate change on native and non-
native species is needed. In addition, previous meta-analyses (e.g.
Sorte et al., 2013; Stephens et al., 2019) considered a limited number
of studies focusing on aquatic ecosystems and thus the inclusion of
more studies is needed to confirm or refute the generality of pre-
vious findings. Moreover, previous meta-analyses did not examine
variation in species’ responses across life-history stages (i.e. larva,
adult or juvenile), even though experimental studies stress the need
to consider multiple life-history stages to fully understand species’
abilities to tolerate climate change stressors (Hudson et al., 2020;
Pandori & Sorte, 2018). Furthermore, the synthesis of Stephens
et al. (2019) was geographically limited to North America, in line

with the majority of ecological experiments that are performed in

the Northern Hemisphere and temperate regions (see Cameron
etal., 2019; Martin et al., 2012). Finally, previous analyses (e.g. Bates
et al., 2013) primarily focused on animals, largely ignoring other eco-
logically important species such as macroalgae and angiosperms.
Taken together, a more comprehensive analysis is needed to con-
sider geographical and taxonomic biases and strengthen generaliza-
tions made by previous studies.

Coastal marine ecosystems have significant ecological and so-
cioeconomic value (Martinez et al., 2007), and as a result of several
stressors impacting these ecosystems, considerable management
actions (e.g. protected areas, control of non-native species) are
required. Understanding how coastal species respond to climate
change is critical for developing predictions of future biodiversity
scenarios (Harvey et al., 2013; Ummenhofer & Meehl, 2017). Coastal
ecosystems are naturally subjected to significant environmental
variability, where fluctuations in parameters such as tempera-
ture and salinity can be marked (Borero, 1993; Gade et al., 1983).
However, variability signals are increasing in frequency and inten-
sity, with heatwave events and storm activity being more prevalent
now than in the recent past (Coumou et al., 2013; Oliver et al., 2019).
Storms bring more frequent and intense precipitation that can com-
bine with changes in coastal land use to increase freshwater influxes
into estuaries and coastal seas (Coumou et al., 2013; Gillanders &
Kingsford, 2002). The consequences of changing temperature and
salinity on both natives and non-natives are ultimately driven by their
underlying physiology and their ability to tolerate both short-term
and long-term environmental variability (Smyth & Elliott, 2016). As
such, organisms within shallow-water benthic communities, specifi-
cally those taxa that are sessile (e.g. invertebrates and macroalgae),
may be particularly vulnerable and susceptible to predicted future
changes in thermal and salinity regimes (Dobretsov et al., 2019;
Gillanders & Kingsford, 2002).

Here, we performed a meta-analysis to investigate how two
key climate-related stressors - increased temperature (hereafter
‘warming’) and reduced salinity (hereafter ‘freshening’) - influence
different biological processes (e.g. growth, survival, reproduction) in
both native and non-native coastal marine and brackish species. We
explored variation in biological processes across several factors that
might mediate the effect of these stressors, including geographical
distribution and broad taxonomic grouping. We expected that the
magnitude and direction of the effects of stressors on biological pro-
cesses would vary with species nativeness, type of organism (plant
or animal), and between warming and freshening. Specifically we
tested four predictions: (a) both warming and freshening will exert
more negative effects on native species than non-natives across
different biological processes (Kordas et al., 2015), (b) non-natives
will respond positively to warming (e.g. Sorte et al., 2013; Stephens

et al., 2019), and be more tolerant to freshening compared to native
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species (Diez et al., 2012; Velasco et al., 2018), (c) early life-history
stages will be more adversely affected by climate-related stressors
than adults, as early life-history stages are often more vulnerable
to variability in abiotic factors (Pineda et al., 2012), and (d) non-
native plants (i.e. macroalgae or angiosperms) will respond positively
to climate-related stressors (in line with Stephens et al., 2019 who
found that non-native terrestrial plants benefited from increased
climatic variability).

2 | METHODOLOGY

2.1 | Study scope and inclusion criteria

We used the ISI Web of Science (Thomson Reuters) to search the
peer-reviewed published literature for papers using the follow-
ing search terms: (‘climate change’ OR ‘global warming’ OR ‘ocean
warming’) AND (experiment* OR manipul*) AND (temperature* OR
thermal OR salin* OR freshen*) AND (marine OR coastal OR sea OR
ocean), with no restriction on publication year. Additional literature
was identified by ‘snowballing’ (i.e. searching for references within
retrieved articles and reviews). We chose papers that measured
biological responses of native and/or non-native species to experi-
mentally controlled changes in temperature (warming) and reduced
salinity (freshening). We included papers that measured any biologi-
cal processes that relate to changes in biological rates (i.e. metabo-
lism and respiration), health or performance (i.e. growth, survival,

reproduction) at either the individual organism or population levels.

TABLE 1 Classification of biological
responses and covariates used within the
meta-analyses. Biological responses were
categorized as processes measured among
studies

Biological processes

Critical biological rate

Metabolic indicators®

Growth

Feeding ability
Health

Reproduction

Respiration®

Survival®

Covariates of interest
Climatic stressor
Nativeness

Life-history stage
Species type

WILEY-

We restricted our search to studies of sessile or sedentary marine
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and brackish organisms that inhabit depths of up to 10 m, and thus
included species typical of shallow seas that are subjected to vari-
ation in abiotic stressors. Papers were included if they focused on
laboratory or field-based manipulative experiments, either in sep-
arate experimental units or together in a community mixture, and
measured biological processes among replicated control (ambient)
and treatment groups subjected to elevated temperature and/or
decreases in salinity. Studies were excluded if experiments did not
include replicates or did not provide measures of variation. Multi-
driver experiments that explored other variables (e.g. hypoxia or
nutrients) for which the independent effects of temperature and
freshening could not be measured were excluded.

2.2 | Data extraction

All studies were coded according to the following covariates: manip-
ulated stressor (warming or freshening), measured biological process
(see details in Table 1), nativeness [native or non-native, identified
according to the authors’ descriptions or through the World Register
of Introduced Marine Species (Ahyong et al., 2020)], the experimen-
tal duration (number of days), type of organism (i.e. plant or animal),
life-history stage (i.e. larva, adult or juvenile), and geographical loca-
tion (absolute latitude). Finally, we calculated the ‘stress exposure’
of each study, the absolute difference between experimental and
a control level exposure (in degrees Celsius or practical salinity

units). For studies that measured environmental variables other than

Photosynthesis (chlorophyll a concentration, average
optimum quantum yield) and calcification

Heat shock proteins, free radical activity,
lipidperoxidation (malondialdehyde) levels™erse: 9
eosinophils, lysozyme activity, number of haemocytes
in haemolymph

Growth rate, abundance, biomass, growth efficiency,
elongation

Feeding rate, clearance rate, nutrient uptake

Condition index, tissue health, tissue composition,
palatability, concentration of soluble phlorotannins

Gonad index, receptacle development, formation of
reproductive cells, viable larvae

Oxygen consumption(verse)

Survival, mortality("verse)

Warming or freshening
Organism is native or non-native to the area of study
Adult, juvenile or larval

Plants or animals®

*The direction of the effect size was reversed for some processes for intuitive purposes (e.g.
increased mortality under stress is equivalent to decreased survival).

bMacroalgae were included with angiosperms as ‘plants’ as similar ecological function.
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were taken from only the experiments where these variables were
considered at ‘ambient’ or ‘control’ levels, as determined or described
by the authors. The control conditions of the focal environmental
stressors (warming or freshening) needed to represent current am-
bient seawater at the time of collection and study or based on the
authors’ knowledge and understanding of ambient conditions for the
study organism(s) and area.

For each biological response (here distinguished as a ‘process’
- see Table 1) reported from each paper, we extracted values of
mean, sample size (number of replicates) and variance (standard
deviation, standard error, or confidence interval) for control and
treatment groups. Where articles reported separate values for two
or more study locations, species and biological process categories,
we regarded each as an independent ‘study’. When studies reported
several metrics for the same biological process category (e.g. growth
expressed as changes in length and biomass) only one process was
selected randomly from the most conservative results. For studies
that included time-series data, measurements were taken from the
final experimental time point. Data were extracted from tables or

figures using the software DaTATHieF IIl, v1.7 (Tummers, 2006).

2.3 | Data analysis

We estimated Hedges' d (Rosenberg et al., 2013; see Supporting
Information Table S1 for equation and model details) and its variance
for each study to estimate the magnitude and direction of the biologi-
cal process to changes in warming and/or freshening. All analyses were
carried out using R v3.6.2 (R Core Team, 2018) and we used R package
‘metaphor’ (Viechtbauer, 2010) to compute summary effect sizes.

The studies were highly heterogeneous; therefore, we split data
into two core subgroups, according to stressor and nativeness. First,
we separated studies according to stressor, warming and freshen-
ing, because these stressors exerted different effects on organisms
through different physiological pathways. We then further sub-
grouped studies according to nativeness because we hypothesized
natives and non-natives would respond differently to stressors.
Next, for each of these four categories, we subgrouped by categor-
ical variables of interest: the biological process measured, species-
type and life-history stages (described in more detail in Supporting
Information Figure S1).

We set out to compare the magnitude, direction and heteroge-
neity of effect sizes, representing responses to stressors, across the
subgroups. To account for known sources of variability in the study
attributes, we constructed global mixed-effect meta-regression mod-
els for each subgroup, consisting of the three continuous moderator
variables: the level of stress exposure, experimental duration and ab-
solute latitude. Continuous moderators were converted to z-scores to
improve the interpretability and comparability of meta-regression co-
efficients (Schielzeth, 2010). In each analysis, studies were precision-
weighted by the inverse of the sum of their within-study variance (V)

and between-study variance (t2), assuming that studies with lower

within-study variance were more precise (Hedges & Olkin, 1985). In
all models, article and species identifiers were included as random
effects, as effect sizes from the same research study or species may
be more similar than effects from different groups. For the subgroups
divided by life-history stage and species-type, the measured biolog-
ical process was specified as a random effect. From these global
models, we generated a full set of nested models, all to be compared
with Akaike’s information criterion (AIC) using R (v3.6.2; R Core
Team, 2018). We identified a single, minimum adequate model as the
one with the lowest AIC value (Burnham & Anderson, 2002). From
these models, we interpreted mean effect sizes as the model inter-
cepts, conditioned on mean values of covariates.

Summary effect sizes were interpreted according to Cohen’s
benchmark (Cohen, 1962) of small, moderate and large effects from
values of d in the regions of .2, .5 and .8, respectively. Statistical sig-
nificance was attributed if bias-corrected 95% confidence intervals
(Hedges & Olkin, 1985) did not overlap zero. Given the heterogene-
ity typical of ecological studies (Senior et al., 2016), our focus was on
the overall direction and magnitude of summary effects, rather than
the statistical significance. A total heterogeneity statistic (1) was cal-
culated, where I? is the percentage of variance between effect sizes

that cannot be attributed to sampling error (Higgins et al., 2003).

3 | RESULTS

In total, 96 peer-reviewed articles met our study inclusion criteria
(see Supporting Information Table S2 for list) and these articles were
published between 2002 and 2019. Studies were distributed glob-
ally from Alaska to the Antarctic, although the vast majority of stud-
ies occurred in the Northern Hemisphere. Non-native species did
not appear in polar, sub-polar or tropical latitudes (see Supporting
Information Figure S2 for a map of study distribution and Figure S3b
for nativeness distribution). A total of 27 non-natives and 104 na-
tives were identified across the articles, with the distribution of taxa
covering 12 phyla/subphyla of both plants and animals (Supporting
Information Table S3, Figure S3a). The most commonly studied non-
natives were the ascidians Styela plicata and Ciona intestinalis, and the
macroalga Undaria pinnatifida (see Supporting Information Table S3).
The 96 articles contributed a total of 575 effect sizes (studies) for
different biological processes with greater representation of warm-
ing (n = 453) than freshening (n = 123). Growth was the most com-
monly studied biological response under both stressors (n = 190),
and reproduction and feeding ability were the least frequently re-
ported. There were more native (n = 431) than non-native studies
(n = 144) and more studies on plants and algae (n = 318) than ani-
mals (n = 257). Experiments comprised a wide range of intensities of
stress exposure, with temperature elevations (from ambient) ranging
between 0.67 and 25 degrees, and declines in salinity between 2 and
29 practical salinity units (see Supporting Information Figure S3).
The distribution of native and non-native species between ecosys-
tem (i.e. marine or estuarine) and magnitude of stress exposure are

provided in Supporting Information Figure S4.
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3.1 | Variation among biological processes

Critical biological rate, growth, respiration and survival decreased
with freshening but were not affected by warming (Figure 1a). The
magnitude of the negative effect size was particularly large for sur-
vival and growth under freshening. In contrast, reproductive meas-
ures decreased with both freshening and warming, and metabolic
indicators increased with warming but had no overall change with
freshening (Figure 1a). Warming decreased health measures but ex-
erted no overall effect on feeding ability (Figure 1a). High levels of
heterogeneity among these mean effect size estimates (I between
50 and 95%) indicated a need to explore sources of variation among
effect sizes.

3.2 | Differential responses by nativeness

Under warming, growth increased for non-native species but de-
creased for native species, while metabolic indicators increased for
both natives and non-natives (Figure 1b). Warming reduced the health

of native species, but had no effect on non-natives. Reproductive
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success decreased in response to warming for natives, whereas
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non-native reproductive success increased (Figure 1b). Finally, there
was no overall effect on survival and respiration for both native and
non-native species (Figure 1b). Due to the unbalanced nature of the
subgroups, not all of the three continuous covariates were used as
moderators in the mixed-effects meta-regressions (see Supporting
Information Table S4). The levels of temperature stress exposure had
an influence on natives and non-natives, with greater stress yielding
a more strongly negative effect size for survival, and more positive
for respiration. Experimental duration influenced non-native meta-
bolic indicators negatively while absolute latitude influenced non-
native species positively (see Supporting Information Table S4 for
more information on the meta-regression models).

Under freshening treatments, critical biological rate, growth,
reproduction and survival all decreased for natives, but did not for
non-natives (Figure 1c). For metabolic indicators, there was no over-
all effect under freshening (Figure 1c). Stress exposure negatively
influenced growth and survival of natives. Experimental duration
positively influenced the growth of both native and non-natives,
and absolute latitude negatively affected the growth of non-natives

and the metabolic indicators of natives (see Supporting Information

(a) (b) (c)
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FIGURE 1 Effects of (a) temperature (red) and salinity (blue) on biological processes, and effects of (b) temperature and (c) salinity
between native (black) and non-native (red) species on marine/brackish biological processes. Numbers indicate the number of observations
(n) in each analysis. Mean effect sizes as Hedges' d and +95% confidence intervals estimated using mixed-effects meta-regressions are
shown. The dashed line indicates zero effect. The confidence intervals of significant mean effect sizes (filled circles) do not overlap zero
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Table S4 for model outputs). Heterogeneity among studies was
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very high among these mean effect size estimates (Supporting
Information Table 54, I> between 37 and 99%). Subgrouping by pro-
cess and nativeness yielded small sample sizes for some subgroups,
so we have cautiously interpreted effect sizes with small sample

sizes (shown in Figure 1c).

3.3 | Effect size variation among covariates

Our analyses revealed variable effects across the covariates consid-
ered (Figure 2). Although adult and juvenile life-history stages were
generally not affected by warming, native larval stages were nega-
tively affected (Figure 2a). The overall positive effect of warming
on non-native larvae was not different from zero (Figure 2a). Under
freshening, native and non-native adult and native larval stages re-
sponded negatively (Figure 2a), while native juvenile and non-native
larval stages were not affected overall. Plants and animals displayed
contrasting results; non-native plants responded positively to warm-
ing and did not have an overall response to freshening, whereas na-
tive plants were not affected by warming but responded negatively
to freshening (Figure 2b). Both native and non-native animals were
not affected by warming or freshening (Figure 2b). Despite having
explored sources of heterogeneity (e.g. stress intensity, nativeness,
duration, taxa, etc.), a high degree of heterogeneity remained (see
Supporting Information Table S4).

4 | DISCUSSION

Our meta-analysis provided new insights into the directionality of
the effects of climate-related stressors across a wide range of native
and non-native species and coastal ecosystems, greatly expanding
the breadth of taxa and ecosystems considered in previous studies
(e.g. Bates et al., 2013; Sorte et al., 2013; Stephens et al., 2019). We

(a) _ (b)
< Native
3 < Non-native

Hedges' d

35

7
14 239 77 7
629927
-1 } 35
7

-3

-7

Freshening Warming Freshening

123 %

found that warming and freshening had greater detrimental effects
on key biological processes of natives compared to those of non-
native species. In particular, growth and reproduction of non-native
species responded positively to warming (Figure 1b), suggesting that
a warming climate will continue to enhance the spread and perfor-
mance of non-natives in the near future.

From the diverse set of performance metrics included, metabolic
processes responded positively to warming in both native and non-
native species groupings (Figure 1a). This finding was consistent with
theory, as moderate warming near thermal optimais known to increase
metabolic rates, particularly in ectotherms (Dahlhoff, 2004; Deutsch
et al., 2008), influencing key biological processes and performance
traits (O'Connor et al., 2007). Indeed, a number of studies on aquatic
plants that subjected organisms to modest warming documented
increased growth (e.g. Graba-Landry et al., 2018; Poore et al., 2016;
Werner et al., 2016) and photosynthetic rates (e.g. Bender et al., 2014;
Schoenrock et al., 2016), which are consistent with greater phenology
changes of plants (Thackeray et al., 2016). Furthermore, warming pro-
moted the growth of non-native species in our analysis (Figure 2a).
Indeed studies have reported that growth is important to the suc-
cess of non-natives in both terrestrial and marine/brackish systems,
even when compared to native counterparts under normal conditions
(McKnight et al., 2016). More specifically, rapid growth can underpin
the capacity of non-native species to take advantage of increased re-
sources, such as open space following mass mortality events, and also
survival after extreme climatic events (Diez et al., 2012).

The growth, health and reproduction of native species responded
negatively to warming (Figure 1b). When thermal conditions exceed
physiological thresholds, organisms redistribute their energy to pro-
tective mechanisms in order to survive, such as with the upregulation
of heat shock proteins (Dahlhoff, 2004). Thus, health and perfor-
mance can decline in acute and even chronic exposures (Bergmann
et al., 2010), but individuals can still persist (e.g. Bennett et al., 2015).
Although non-natives may have broader environmental tolerance

and greater capacity for short-term acclimatization to environmental

FIGURE 2 Subgroup parameter
a5 % estimates for (a) life-history stages and

(b) species type. Forest plots showing
mixed-effects models of life stages or
species type separated by stress and
native status. Numbers indicate number
of observations (n) in each analysis.
Mean effect sizes and +95% confidence
intervals estimated using mixed-effects
meta-regression are shown. The dashed
line indicates zero effect. The confidence
intervals of significant mean effect sizes
(filled circles) do not overlap zero
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variability than natives (Hulme, 2017), shifts in competitive interac-
tions can also be important (Occhipinti-Ambrogi, 2007). For example,
anumber of studies included experiments conducted on multi-species
assemblages, which captured shifts in interspecific interactions driven
by warming, such as competition for space between natives and non-
natives on warmed settlement panels (e.g. Smale & Wernberg, 2012)
where warmer waters promoted non-native abundance. However,
the vast majority of experiments were conducted on one or a few
species in isolation and, as such, it is not possible to disentangle the
relative importance of direct and indirect effects of warming on the
interaction between native and non-native species. Further work on
the influence of climate change drivers on the outcomes of ecological
interactions in complex communities is needed to better understand
responses to future climate change conditions.

The reproductive success of non-natives increased under warm-
ing, whereas native reproduction declined (Figure 1b). Reproduction
for many species is temperature-sensitive (Andrews et al., 2014;
Rothausler et al., 2018) and increased temperatures can either
suppress or enhance reproduction (Harris et al., 2017; Lawrence &
Soame, 2004). Among life-history stages, the magnitude and direc-
tion of responses also differed, with non-native larvae generally ben-
efiting, while the performance of natives was impeded. This supports
evidence that many non-natives have broad thermal tolerances (Bates
et al.,, 2013; Somero, 2010) and this advantage may manifest at early
developmental stages. Thus, extreme events such as heatwaves,
which cause widespread mortality (e.g. Smale & Wernberg, 2013;
Wernberg et al., 2016), may displace native species and provide free
space for colonization and recruitment of non-native larvae.

The performance of non-natives can be promoted through re-
cruitment, growth and reproduction, particularly for non-native
plants, where these components can potentially affect abundance,
range size and per capita effects (Bradley et al., 2019). Theoretically,
climatic fluctuations could cause invading marine and brackish plants
to propagate into dense monospecific stands, smothering other veg-
etation and altering biodiversity (Epstein et al., 2019) and ecosystem
functioning (Pysek et al., 2012; Vila et al., 2011). As the frequency
and magnitude of extreme climatic events are predicted to increase,
attention should also be directed towards greater understanding of
the impacts of variables other than temperature on ecological inter-
action under climate change.

Under freshening only metabolic indicators lacked a system-
atic response across both native and non-native species groupings
(Figure 1c). Freshening stress can cause organisms to engage ho-
meostatic and excretory mechanisms in order to regulate internal
osmolarity (Smyth & Elliott, 2016). However, adoption of osmoreg-
ulatory processes comes at a high energetic cost, and many marine
species are not capable of performing this process (Rivera-Ingraham
& Lignot, 2017). While we did not detect a trend in the direction of
metabolic responses, we found a mix of highly adept and inept os-
moregulatory strategies, whereby organisms were capable of main-
taining homeostasis via quick metabolic pathways, or little reaction,
thus osmoconforming to the salinity in their surrounding environ-

mental conditions (Rivera-Ingraham & Lignot, 2017).
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Critical biological rates (i.e. photosynthesis or calcification),
growth, reproduction and survival were dampened by seawater
freshening in native species. By contrast, there was no overall effect
on these processes for non-natives (Figure 1c). Those experiments
investigating critical biological rates on non-native organisms were
represented primarily by aquatic plants and photosynthesis as the
focal response. Greater resilience of the cellular photosynthetic ma-
chinery at low salinity may explain the apparent tolerance of photo-
synthetic non-natives. For instance, under decreasing salinity stress,
the highly invasive macroalga Undaria pinnatifida upregulates resil-
ient antioxidants, but native comparators do not (Bollen et al., 2016).
In addition, this may explain the negative trend of native plants
under freshening (Figure 2b), where an inability to efficiently pho-
tosynthesize under stressful conditions would disrupt organismal
physiology and functionality (Scherner et al., 2013).

Native species displayed negative trends for growth, reproduc-
tion and survival (Figure 1c). Extreme exposures to freshwater can
result in cellular damage in marine and brackish fauna and flora (e.g.
Groner et al.,, 2011; Newcomer et al., 2018), and while some organ-
isms are capable of tolerating a range of fluctuating salinities, once
their osmoregulatory limits are exceeded, organismal fitness traits
are reduced (Hofmann & Todgham, 2010; Somero, 2010). In con-
trast, these biological processes showed no overall effect of fresh-
ening for non-natives consequently indicating a possible adaptation
to osmotic stress (Yang et al., 2016) and that non-natives may further
benefit from the negative effects on neighbouring native species.
The disparity between native and non-native species is also ex-
tended to life-history stages, where native and non-native larvae dif-
fered in their responses (Figure 2a). The fact that non-native species
tolerate severe osmotic stress indicates that short-term treatment
with freshwater, which has been used for the control of invasive sea-
weeds such as Caulerpa taxifolia (Anderson, 2007), may not be an
effective measure to eradicate problematic species. Nevertheless,
there is a lack of studies that focus on freshening stress, and areas
such reproductive success, survival and metabolic mechanisms of
non-native species should be explored further.

Recent decades have seen an intensification of precipitation
regimes in many regions that has led to increased frequency and
magnitude of floods and freshening events (Stott et al., 2016). In the
nearshore shallow benthos, freshening may have a greater negative
impact than warming, and in fact, the extreme intensities of treat-
ments for the climate change experiments reflects the severe fresh-
ening events seen in nature and explains the larger effect sizes in
comparison to the warming treatments (see Supporting Information
Figure S4a). Long-term freshening due to climate change also has
the potential to alter coastal communities, since salinity regimes are
known to influence species’ presence and distributions (Wilkinson
et al., 2007). This finding, combined with recent studies (e.g. Velasco
et al., 2018), highlights the potential for freshening to drive signifi-
cant changes in coastal marine ecosystems.

Our analysis of the available literature on shallow-water ma-
rine and estuarine species revealed several knowledge gaps. The

analysed data were relatively unbalanced among phyla, biological
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Figures S3 and S4). In particular, non-native species were only rep-
resented at temperate latitudes and often by relatively few well-
studied species, leading to some bias in the distribution of species
across our comparisons. Given that effect sizes for some biological
processes were generated from relatively few studies, and the high
heterogeneity observed within subgroups, the results of our analysis
should be taken with caution and cannot lead to major management
recommendations, but rather point to general trends in responses

and highlight key areas for future research.

5 | CONCLUSIONS

Here we contribute to the debate surrounding the effects of con-
temporary climate change on non-native species performance, by
examining the responses of a wide variety of marine and brackish
species to freshening and warming treatments. The addition of many
previously understudied native and non-native taxa and the inclu-
sion of freshening as a focal parameter address previously identified
knowledge gaps and support the hypothesis that marine and brack-
ish non-natives are poised to prosper under contemporary climate
change (Sorte et al., 2013). We found across all species that warm-
ing induced both positive and negative responses in a range of bio-
logical processes. Responses to freshening were, however, primarily
negative, illustrating the strong influence of salinity regime on es-
tuarine and marine species. Acute freshening events may represent
a more extreme climate-related stressor in the coastal environment
than moderate warming, with low salinity values typical of extreme
precipitation events more likely to lead to sublethal effects and even
mortality (Bible et al., 2017; Cheng et al., 2015). Given that freshen-
ing events are predicted to intensify in some regions, salinity reduc-
tion has the potential to drive marked ecological shifts in coastal
communities. Even so, our comprehensive synthesis revealed a pau-
city of data on the impacts of osmotic stress and the interaction
between warming and freshening in shallow coastal systems, which
represents a key knowledge gap. Our results indicate predominantly
greater gains for non-native than native species under future cli-
mate conditions. This disparity in performance has the potential to
exacerbate the negative effects that some non-native species have
on natives. For example, predicted climatic fluctuations of tempera-
ture and precipitation may reduce the effects of biotic resistance,
increasing the likelihood of non-natives spreading and becoming
established. With the frequency and magnitude of extreme climatic
events predicted to increase, attention should be directed towards
a greater understanding of the impacts of erratic trends of variables

(other than temperature) on ecological responses to climate change.
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