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Emma C. Horne, Riley D. Thoen and Megan L. DeMarche
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Although many species shift their phenology with climate change, species
vary significantly in the direction and magnitude of these responses (i.e.,
phenological sensitivity). Studies increasingly detect early phenology or high
phenological sensitivity to climate in non-native species, which may favor
non-native species over natives in warming climates. Yet relatively few studies
explicitly compare phenological responses to climate between native vs.
non-native species or between non-native populations in the native vs.
introduced range, limiting our ability to quantify the role of phenology in
invasion success. Here, we review the empirical evidence for and against
differences in phenology and phenological sensitivity to climate in both
native vs. non-native species and native and introduced populations of non-
native species. Contrary to common assumptions, native and non-native
plant species did not consistently differ in mean phenology or phenological
sensitivity. However, non-native plant species were often either just as or more
sensitive, but rarely less sensitive, to climate as natives. Introduced populations
of non-native plant species often show earlier reproduction than native
populations of the same species, but there was mixed evidence for differences
in phenological sensitivity between introduced and native plant populations.
We found very few studies comparing native vs. invasive animal phenology.
Future work should characterize phenological sensitivity to climate in native
vs. hon-native plant and animal species, in native vs. introduced populations
of non-native species, and across different stages of invasion, and should
carefully consider how differences in phenology might promote invasion
success or disadvantage native species under climate change.

climate change, introduced range, invasion, meta-analysis, native species, non-native
species, phenology, phenological sensitivity
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Introduction

The ability to colonize and persist across a broad
range of environmental conditions is often considered a
hallmark characteristic of non-native species (Metasanz et al,
2012). As biological invasions continue to increase worldwide
(Seebens et al,, 2017), many studies have investigated potential
traits underlying the success of non-native species (i.e.,
“invasiveness”; see Glossary for bolded terms) and improve
management (Levine et al,, 2003; van Kleunen et al, 2010).
For example, relative to native species, non-native species often
demonstrate faster growth rates, greater biomass, and higher
reproduction (Dlugosch and Parker, 2008; van Kleunen et al,
2010; Leishman et al., 2014; Jelbert et al., 2015), increased
resource acquisition (Funk, 2013), and fewer interactions with
local antagonists (sensu “enemy release hypothesis”; Elton, 1958;
Maron and Vila, 2001; Engelkes et al., 2008). Understanding the
traits underlying successful introduction and spread could help
predict future invasions (Richardson and Pysek, 2006).

The timing of life-history events (i.e., phenological traits)
may play an important role in invasiveness by allowing non-
native species to respond appropriately to novel environmental
conditions in their introduced ranges. In particular, phenology
may be tied to resource access (Both et al., 2006; Wainwright
et al., 2012; Gioria and Osborne, 2014; Gioria and Pysek, 2017),
performance (e.g., survival and reproduction) and population
growth rates (Iler et al, 2021), and abundance (Willis et al,
2008; Cleland et al,, 2012), making phenology an important trait
to consider as a correlate for invasiveness. Here, we review the
literature to evaluate support for four non-mutually exclusive
hypotheses for how native and non-native species may differ in
phenological traits in ways that might benefit non-native species
(Wolkovich and Cleland, 2011; Figure 1).

The first three hypotheses relate to differences in mean
phenology between non-native and native species. First, non-
native species may invade vacant niches (Elton, 1958) in
time currently unfilled by resident native species (Figure 1A),
allowing them to utilize temporarily available resources like
nutrients, light, space, pollinators, or food. Here, non-native
species might demonstrate either early or late phenology relative
to native species. Second, non-native species may benefit
from priority effects (Sale, 1977), wherein they demonstrate
earlier phenology than resident native species (Figure 1A;
a subset of the vacant niche hypothesis), allowing them to
access and exploit resources earlier than native species. Third,
non-native species may occupy a broader niche by having
longer phenological phases than resident native species (e.g.,
longer flowering or reproductive period, growth, or foraging;
Figure 1B; Gerlach and Rice, 2003; Lake and Leishman, 2004;
Cadotte et al., 2006; Fridley, 2012; Wolkovich et al., 2013),
potentially allowing them extended access to resources.

In addition to hypotheses regarding mean phenology, non-
native species may also demonstrate greater phenological
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sensitivity to environmental conditions (sensu “phenological
plasticity hypothesis” in Wolkovich and Cleland, 2011)
than native species (Baker, 1965; Figure 1C). Although
Wolkovich and Cleland (2011) originally posed this hypothesis
as a form of phenotypic plasticity, we use the broader
term “phenological sensitivity” because, while many studies
address phenological responses to environmental variation,
relatively few distinguish between plastic and evolutionary
responses to environmental change. Assuming that species shift
their phenology appropriately in response to environmental
conditions, then greater phenological sensitivity may confer
a fitness or abundance advantage (Willis et al,, 2008, 2010;
Munguia-Rosas et al., 2011; Cleland et al., 2012; Iler et al., 2021;
Zettlemoyer et al, 2021), particularly for non-native species
experiencing novel environmental conditions and under the
warmer and more heterogeneous environments predicted under
climate change (Nicotra et al., 2010; Intergovernmental Panel on
Climate Change [IPCC]J, 2022). Consistent with this prediction,
non-native plants often demonstrate greater phenological
sensitivity to warming than their native counterparts (Willis
et al, 2010; Hulme, 2011; Wolkovich et al., 2013; Du
et al., 2017; Giejsztowt et al., 2019; Zettlemoyer et al., 2019;
Stuble et al, 2021), although the evidence for this trend is
mixed, with other studies detecting similar sensitivity between
groups (Bertin et al, 2017; Welshofer et al, 2018). More
generally, phenotypic plasticity is a common mechanism
proposed to facilitate invasion success (Richards et al,
2006). Yet previous meta-analyses comparing phenotypic
plasticity between non-native and native species have proved
inconclusive, with studies detecting either greater plasticity
in non-natives (Davidson et al, 2011) or no differences
in plasticity between natives and non-natives (Palacio-Lopez
and Gianoli, 2011). However, to our knowledge, no meta-
analyses explicitly address differences in phenological sensitivity
to environmental conditions between native and non-native
species.

In addition to comparisons between native and non-native
species in a particular region, a related literature has investigated
differences between populations of non-native species occurring
in their native vs. introduced range. This is because non-native
species establishing in a novel range typically experience distinct
environmental conditions from those historically experienced
in the native range, and thus invasion success depends on
the capacity of populations in the non-native range to adjust
via rapid evolution, phenotypic plasticity, or a combination
of both (Godoy et al, 2009). Several approaches have been
used to test whether non-native species are more responsive
to environmental conditions in their introduced relative to
native ranges, including reciprocal transplant experiments (i.e.,
native and introduced populations transplanted into both the
native and introduced range; Lamarque et al,, 2015), common
gardens that expose native and introduced populations to a
range of environmental conditions (i.e., ambient vs. climate
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Conceptual diagram illustrating the four hypotheses proposed by Wolkovich and Cleland (2011; shown in italics) to explain how phenology may
shape invasion. Each line represents the phenology of a species across a growing season. In (A), non-native species (purple) fill a vacant niche in
time, either earlier (also known as priority effects) or later than native species (green). In (B), non-native species have a longer duration of
phenology than native species, filling a broader temporal niche than natives. Here, Q1 addresses whether non-native species demonstrate
earlier or later phenology (vacant niche/priority effects) or shorter or longer phenological duration (niche breadth) relative to native species. In
(C), native species’ (left) phenology occurs at a similar time under both ambient (blue) and climate change (red) conditions, whereas non-native
species (right) can shift their phenology earlier in the season (i.e., are more phenologically sensitive to climate). Here, Q2 addresses whether
non-native species demonstrate greater or less sensitivity to climate than native species.

manipulation treatments; Peng et al., 2019), or common gardens
in multiple locations (Williams et al., 2008). These experimental
designs can contrast both the mean traits and environmental
sensitivity of native vs. introduced populations of non-native
species.

Although the four hypotheses outlined above were originally
conceived with respect to phenological differences between
native vs. non-native species, we might also expect similar
differences between native vs. introduced populations of non-
native species. For example, introduced populations could
evolve to occupy distinct niches in time (vacant niche), earlier
phenology (priority effects), or longer phenological periods
(niche breadth) relative to populations in their native range.
Similarly, we might expect greater phenological sensitivity to
environmental conditions in introduced populations relative
to native populations. Alternatively, introduced populations
could be well-suited for success in the introduced range due
to similar conditions in their native range, resulting in similar
mean phenology and similar phenological sensitivity between
native and introduced populations (Fridley and Sax, 2014).
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Previous work has detected greater phenotypic plasticity in leaf
traits, growth, and reproductive output in non-native species in
their introduced relative to native ranges (Bossdorf et al., 2005;
Lavergne and Molofsky, 2007; Maron et al., 2007; Cafo et al.,
2008; Andonian and Hierro, 2011; Chun, 2011; Griffith et al.,
2014). However, few studies have compared mean phenology
or phenological sensitivity between native and introduced
populations (Peng et al,, 2019), despite the pervasive question
of whether differences in phenology or greater phenological
sensitivity contributes to non-native species’ success as invaders
(Luna et al., 2017; Martinez and Fridley, 2018).

Here we survey the literature for studies that quantify
phenological traits in response to changing climatic conditions
in (A) native vs. non-native species within a region and (B)
native vs. introduced populations of the same non-native
species. We focus on climate, rather than other environmental
contrasts, because climate variables are predominately
implicated as drivers of phenology (Parmesan and Yohe,
2003; Thackeray et al., 2016; Cohen et al., 2018; Piao et al,
2019), non-native species often experience novel climate
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conditions in the introduced range (Richardson, 2011), and
climate responses are highly relevant for predicting how
ongoing climate change will impact species invasions (Bellard
et al, 2017; Wallingford et al, 2020). Finally, we propose
future directions for quantifying differences in phenological
sensitivity and testing potential benefits to non-native relative
to native species. Given the ongoing threat to biodiversity posed
by biological invasions (Seebens et al,, 2017), insights from
this review will help determine whether future risks posed
by invasive species are predictable from estimates of their
phenological sensitivity to climate change.

Materials and methods

Literature search

We searched ISI Web of Science on 18 March, 2022,
for studies that compared the phenology of (A) native vs.
non-native species or (B) native vs. introduced populations
of a given species in response to climate [see Supporting
Information Appendix 1 for search methods; data are provided
in Zettlemoyer (2022) and Appendix 2]. Specifically, we
searched for empirical studies that met the following criteria:
(1) measured at least one phenological trait; (2) measured
phenology in ambient/historical vs. climate change conditions
(including experimental and observational approaches); and (3)
included at least (A) one native and one non-native species
or (B) one native and one introduced population of the same
species. Our requirement for a climate comparison potentially
excluded studies examining differences in mean phenology
in a single environment, meaning that our results for the
vacant niche, priority effects, and niche breadth hypotheses are
likely based on only a subset of the available research. For
each study, we recorded reported results for each phenological
trait (hereafter “phenophase”) in response to each climate
variable (hereafter “cases”; see Appendix 1). For each case,
we also collected information on study location (latitude and
longitude), habitat (forest, grassland, or mixed), biome (alpine,
temperate, subtropical, or tropical), and experimental design
(historical records, contemporary observational field study,
field manipulation, reciprocal transplant, common garden, or
controlled climate conditions).

For (A), this yielded 38 studies, including data for a total of
116 cases (n = 109 cases for plants, n = 7 for animals). We found
surprisingly few studies examining differences in phenology
between native vs. non-native animal species. Although animal
studies often measure phenology differently than plant studies
(e.g., thermal requirements; Jarosik et al, 2015), we included
these studies in our qualitative review (see below) when
possible. However, due to the unbalanced nature of the data,
the patterns we describe apply only to plants. We grouped
phenophases into four categories: emergence (7 cases in plants
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only), growth and development (32 cases across plants and
animals), reproduction (64 cases across plants and animals),
and senescence/autumn phenology (13 cases in plants only)
(Supplementary Table 1.1). Across both taxa, in 48 cases,
phenology was examined observationally, in 22 cases phenology
was assessed using historical or herbarium records, in 19 cases
phenology was examined under a field manipulation, in 12 cases
phenology was examined in a common garden or reciprocal
transplant experiment, and in five cases phenology was
examined under controlled climate conditions (e.g., greenhouse
or growth chamber). 90 cases examined responses to warming
[73 used temperature (°C) and 17 used growing degree days
(GDD; a measure of heat accumulation; Gordon and Bootsma,
1993; Schwartz, 2003)] and 26 cases examined responses to
precipitation or soil moisture. We pool results across all three
climate variables in the main text, but provide results split
by climate variable in Appendix 3 Supplementary Figure 3.1.
Studies were mostly conducted in the United States, Europe, and
China (Supplementary Figure 3.2).

For (B), our search yielded 18 studies, including data
for a total of 69 cases (emergence = 6 cases; growth

and development = 13 cases; reproduction = 49 cases;
senescence/autumn phenology = 1 case; n = 62 cases for
plants and seven cases for animals). Phenology was examined
observationally in 28 cases, using historical data in seven
cases, under controlled conditions in 10 cases, under a field
manipulation in seven cases, and in a common garden or
reciprocal transplant in 17 cases. 63 cases examined responses to
warming (57 used °C and 6 used GDD) and six cases examined

responses to precipitation or soil moisture.

Qualitative review

We first performed a qualitative literature review to
summarize the evidence for differences in mean phenology
(hereafter Q1) and phenological sensitivity to climate (hereafter
Q2) between (A) native and non-native species and (B) native
and introduced populations of the same species, based on the
four hypotheses developed by Wolkovich and Cleland (2011).

(Q1) Differences in mean phenology

We first asked whether native vs. non-native species
and native vs. introduced populations differ in their mean
phenology. We scored whether phenology significantly
differed (a =
was a significant difference, we then scored whether non-

0.05) between groups (yes/no; Qla). If there

native species/introduced populations demonstrated earlier
or later phenology (vacant niche/priority effects hypotheses)
or shorter or longer phenological duration (niche breadth
hypothesis; Q1b).
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(Q2) Differences in phenological
sensitivity

We then asked whether native vs. non-native species
differ
phenological sensitivity to climate. We scored whether

and native vs. introduced populations in their
studies detected a significant difference in phenological
sensitivity to climate between groups (yes/no; Q2a). If there
was a significant difference, we then scored whether non-native
species/introduced populations demonstrate greater or less
sensitivity to climate as native species/native populations
(Q2b). Finally, we recorded which direction phenology shifts in
response to climate in native species/native populations (Q2c)
and non-native species/introduced populations (Q2d).

Meta-analysis

Our qualitative literature review allowed us to combine
evidence across a wide range of studies that differed in
their methodology and reporting. This approach provided
mixed support for greater phenological sensitivity to climate
in non-native species (see Results), so we also conducted
a quantitative meta-analysis, using a subset of amenable
studies, to more fully assess whether (A) native vs. non-
native species or (B) native vs. introduced populations differ
in phenological sensitivity to climate. We reassessed each
of studies above, and retained 15 (for A) or 5 (for B)
that met these additional criteria: (1) reported phenological
responses of individual species (i.e., we excluded community-
level responses and studies that only presented estimates for
native vs. non-native species overall); (2) reported phenology
as day of year (i.e., we excluded studies that used abundance,
growth, thermal requirements, or count data as a proxy for
phenology); and (3) reported the mean and associated error
(e.g., standard deviation, standard error, or 95% confidence
intervals) for a given phenophase in ambient vs. climate change
conditions (i.e., factorial studies) or reported the slope and
associated error of a phenological response to climate (i.e.,
continuous studies).

Many excluded studies reported means that aggregated
responses across native and non-native species or did not
report error. We contacted authors in these cases to request
either species-specific results or raw data; for the latter, we
reconstructed statistical models as similarly as possible to
the published study to extract required summary statistics.
We were able to compile (A) 824 cases (n = 526 natives
and 298 non-natives) and (B) 58 cases (n = 29 natives
and 29 introduced) for the meta-analyses. All data for these
analyses are for plant species. For each case, we recorded
the sample size, mean response value in the ambient and
climate change condition (or slope in response to climate),
and standard deviation. If data were only presented in figures,
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we used WebPlotDigitizer (!Rohatgi, 2018) to extract relevant
statistics.

For factorial studies, which report relative effect sizes, we
calculated the effect of climate on phenological responses using
Hedges™ g effect size, which standardizes the mean differences
between groups after accounting for discrepancies in group sizes
(Hedges, 1981; Rosenthal et al., 1994; Moller and Jennions,
2002). A negative Hedges” g value indicates that a phenological
event advanced under a climate change treatment relative to
ambient conditions, and a larger absolute value of Hedges g
indicates a larger change (in units of standard deviation). We
used the “metacont” command in the “meta” package (v4.17-0;
Balduzzi et al, 2019) in R v.4.0.4 (R Core Team, 2021) to
estimate pairwise differences in Hedges’ g effect size between (A)
native vs. non-native plant species or (B) native vs. introduced
plant populations based on the moderator statistic (Q) and
associated p-value. For (A), we conducted one analysis for
all phenological responses to climate due to low sample sizes
when climate variables were split [total: n = 476 cases across
10 studies; temperature: n = 252 cases across eight studies;
GDD: n = 218 cases in one study (Mulder and Spellman, 2019);
precipitation: n = 6 cases in 1 study (Wilsey et al, 2011)].
For (B), all but one study used a factorial design to examine
phenological responses to warming (°C) so we limited our
analysis to these studies. We then tested whether Hedges' g
varied with study characteristics by fitting linear mixed models.
For (A), we included nativity (native vs. non-native), climate
variable (°C, GDD, or precipitation), experiment type (field
manipulation, controlled experiment, or reciprocal transplant),
habitat (grassland or forest), biome (alpine, temperate, or
subtropical), climate difference (average difference between
ambient vs. climate conditions), and latitude and longitude
as predictor variables. We included the interaction of climate
variable x climate difference to account for different units
among climate variables and variation among studies in the
magnitude of climate treatments. We initially included the
interaction of nativity x climate variable; this was not significant
(X%1476 = 0.07, p = 0.80) and dropped from the model.
For (B), we included range (native vs. introduced), climate
difference, experiment type (field manipulation or experimental
transplant), latitude, and longitude as fixed effects. For all
models, we included study label and species name (nested in
study label; following Stuble et al., 2021) as random factors to
control for species-specific phenological responses and variation
among studies, respectively.

We tested for publication bias in our factorial datasets by
comparing the Pearson’s correlation between absolute effect
size and sample size for each case (“metabias” command)
and examining the associated funnel plots (Supplementary
Figures 3.3A,B). We detected no significant bias in either

1 www.automeris.io/WebPlotDigitizer/

frontiersin.org


https://doi.org/10.3389/fevo.2022.983172
http://www.automeris.io/WebPlotDigitizer/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Zettlemoyer et al.

dataset (native vs. non-native: bias = 0.23 £ 0.27; native vs.
introduced: bias = —6.84 £ 7.98; both p = 0.40). However, we
note that the small dataset for (B) contained studies reporting
larger negative standardized mean differences (Supplementary
Figure 3.3B).

For continuous studies, which report absolute effect sizes
(i.e., reported regression coeflicients), we conducted a mixed-
effect meta-regression analysis (Rao et al, 2017). For (A),
we again conducted one analysis combining the three climate
variables due to low sample sizes when split [total: n = 348
across five studies; temperature: n = 257 cases across five
studies; GDD: n =
et al,, 2020); precipitation: n = 62 cases across two studies
(Maynard-Bean et al., 2020; Reeb et al,, 2020)]. We included
nativity (native vs. non-native), climate variable (°C, GDD, or

29 cases in one study (Maynard-Bean

precipitation), experiment type (observational vs. historical),
latitude, and longitude as fixed effects. We excluded habitat
because it was collinear with longitude and excluded biome
because all continuous studies occurred in temperate sites.
We again included species name and study label as random
effects. We weighted the variance by the inverse of the reported
standard deviation for each estimate (Lee et al., 2016). Only one
study compared phenological sensitivity of native vs. introduced
populations in a continuous framework (Hulme and Barrett,
2013), so we did not perform a meta-regression analysis for (B).

Results

Qualitative review

We used our qualitative review to address whether native
plant species/populations and non-native species/introduced
plant populations differ in (Q1) their mean phenology (vacant
niche, priority effects, and niche breadth hypotheses) or (Q2)
their phenological sensitivity to climate. Below, we briefly
describe each question and then evaluate the fraction of cases
that support, do not support, or yield mixed evidence for each
hypothesis. Our qualitative review detected a lack of studies
comparing native vs. non-native animal species’ phenology
(Figure 2). Therefore, the patterns described below can be
ascribed only to plant species/populations.

(Q1) Differences in mean phenology

Vacant niche

We found weak support for differences in mean phenology,
with 40/71 (56%) and 40/61 (66%) cases detecting a significant
difference between native vs. non-native plant species and native
vs. introduced plant populations, respectively (Figures 2, 3:
Qla). This pattern held across phenophases, except for native
vs. non-native plant species’ senescence: 9/9 cases detected a
significant difference in senescence timing.
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Priority effects

When examining the cases that detected significant
differences in phenology, we found mixed evidence for priority
effects. Of the cases that detected significant differences in
phenology between non-native vs. native plant species, 22/40
(55%) cases detected earlier phenology in non-natives, while
17/40 (43%) detected later phenology (Figure 2: Qlb). Again,
this pattern held across emergence, growth/development, and
reproduction, whereas 8/9 cases detected later senescence of
non-native species. In contrast, we found some evidence for
earlier phenology in introduced relative to native populations
of a non-native plant species (Figure 3: Qlb). Of the 40
cases that detected differences in phenology, 27 (68%) detected
earlier phenology whereas 12 (30%) detected later phenology.
This pattern was strongest for reproduction [22/31 (71%) cases
earlier vs. 9/31 (29%) later].

Niche breadth

Few studies explicitly addressed differences in phenological
duration (shorter/longer; Figures 2, 3 QIlb). In 2/3 cases
comparing native and non-native plant species, duration was
equivalent (Mulder and Spellman, 2019; Zettlemoyer et al,
2019). In one case, introduced species had a longer leaf
lifespan than natives (Mulder and Spellman, 2019). One case
detected shorter leaf lifespan in native related to introduced
populations (Peng et al,, 2019), as expected under the niche
breadth hypothesis.

(Q2) Differences in phenological
sensitivity

We detected little evidence that native vs. non-native
plant species or native vs. introduced plant populations differ
in phenological sensitivity overall, with 48/109 (44%) and
22/62 (35%) cases detecting significant differences, respectively
(Figures 2, 3: Q2a). However, of the 48 studies that did
detect differences in sensitivity, non-native plant species were
frequently more sensitive to climate than native plant species
[42/48 (88%) cases; Figure 2: Q2b]. This pattern held for
growth/development, reproduction, and senescence. Similarly,
of the 22 cases that detected differences in sensitivity between
introduced vs. native populations of a non-native plant species,
13 (59%) found greater sensitivity in introduced populations
(Figure 3: Q2b).

The majority of studies detected advancing emergence,
growth/development, and reproduction in response to warmer
and drier conditions (and no shifts in senescence) in both
native and non-native plant species (Figure 2: Q2c-d). In
contrast, native and introduced populations of non-native
species demonstrated more variability in the direction of
phenological shifts in response to climate (Figure 3: Q2¢,d).
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FIGURE 2

Percent of cases supporting or contradicting each of the questions outlined for all phenophases, emergence, growth and development,

reproduction, and senescence (left to right), split by taxa [light blue = animals (7 cases total; 5 insects, 1 bird, and 1 tunicate); green = plants

(n = 109 cases)]. Values are the number of different responses for each question out of the total number of cases that addressed that question.

(Qla) We examine whether native and non-native species differ in their mean phenology. “Yes" indicates that studies detected a significant
(Continued)
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FIGURE 2 (Continued)

so the denominator values vary for Q2c-d.

difference in native vs. non-native species’ phenology (a = 0.05). (Qlb) Of the studies that detect a significant difference in mean phenology, we
ask whether non-native species demonstrate earlier or later phenology (for phenology measured as day of year of an event) or shorter or longer
phenological duration (for phenology measured as length of event or time between events) relative to native species. (Q2a) We examine
whether native and non-native species differ in their phenological sensitivity to climate. "Yes” indicates that a study detected a significant
difference in the response of native vs. non-native species to a climate change manipulation or a significant difference in the slopes of native vs.
non-native species to a change in climate. (Q2b) Of the studies that detect a significant difference in sensitivity, we examine whether non-native
species demonstrate greater or less sensitivity to climate as native species. Greater sensitivity indicates a greater shift in phenology in response
to climate (i.e., greater effect size or steeper slope). Lastly, we report the direction in which phenology shifted in response to climate change
scenarios (warmer and/or drier conditions) in (Q2c) native and (Q2d) non-native species. Not every study reported the direction of responses,

Meta-analysis

We used a subset of suitable studies to perform a
quantitative meta-analysis to further explore support for the
phenological sensitivity hypothesis. These analyses revealed no
differences in phenological sensitivity for either (A) native
vs. non-native plant species (Hedges g: Q = 1.09, p = 0.3;
x21,476 = 0.28, p = 0.60; regression coeflicients: x21,34g =0.11,
p = 0.74; Figure 4A and Supplementary Table 3.1) or (B)
native vs. introduced plant populations (Q = 0.11, p = 0.74;
X21>20 = 0.54, p = 0.46; Figure 4B and Supplementary
Table 3.2), although we note that the sample size for (B) was
extremely small (n = 4 studies).

Variation across studies

We detected variation in effect sizes based on study
characteristics for dataset A (Supplementary Table 3.1). For
factorial studies, effect sizes were larger at higher (mainly
21.20, p < 0.0001; only two
studies occurred in the southern hemisphere), when using
66.09, p < 0.0001),
in studies using reciprocal transplants (x%1,476 = 58.47,
p < 0.0001), and in alpine biomes (X% 1,476 = 18.26, p = 0.0001)
(Supplementary Figure 3.4). In continuous studies, effect

northern) latitudes (¥%1,476 =

GDD as a climate variable (X247 =

sizes were larger using temperature (°C) as a climate variable
(x%1,348 = 62.7, p < 0.0001) and in studies using historical
17.69, p < 0.0001) (Supplementary
Figure 3.5). We did not detect significant variation in dataset

records (x*1.348 =

B, likely due to small sample size.

Discussion

Despite the common assumption that non-native species
benefit from differences in phenology and an increased ability to
track changing climates relative to native species, we find little
evidence that phenological traits differ systematically between
non-native vs. native plant species or between populations of
non-native plant species in their introduced vs. native range.
Instead, our literature review emphasizes the wide heterogeneity
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among studies and phenophases, as well as the limited number
of studies currently available to answer some of these questions.
For example, there were almost twice as many native species
represented in our meta-analysis as non-natives, highlighting
a need for more studies that explicitly characterize differences
in phenological traits and sensitivity to climate in native vs.
non-native species. Additionally, comparative animal studies
were woefully underrepresented (n = 7 cases), highlighting a
need to examine differences in phenology between native vs.
non-native animals before generalizing patterns of non-native
species’ phenology across taxa. Below, we discuss the limited
support for each of the hypotheses proposed by Wolkovich and
Cleland (2011) and outline future directions for investigating
differences in phenological sensitivity between native and non-
native species (and native vs. introduced populations of non-
native species) and whether such differences could increase
invasion success.

Similar phenology and phenological
sensitivity in native vs. non-native plant
species and non-native plant species in
their native vs. introduced range

Contrary to the hypothesis that non-native species (and
introduced populations thereof) would demonstrate differences
in mean phenology by filling a vacant or broader temporal
niche relative to native species/populations, phenological traits
were equivalent in a substantial fraction of comparisons. There
were two exceptions to this pattern. First, non-native plant
species almost always demonstrated later senescence than native
9 cases).
Most of these measured leaf senescence (6/9 cases; the other

plant species (although sample size was small; n =

three cases were for flower/fruit senescence). Extended leaf
senescence could indicate a lengthening growing season, and has
been identified as a trait associated with invasiveness in forest
systems (Fridley, 2012; Martinez and Fridley, 2018). Although
few studies in our review explicitly measured phenological
duration, if non-native plant species show equivalent phenology
for earlier phenophases but later senescence, they may in
fact occupy broader temporal niches. Future studies should
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FIGURE 3
Percent of cases supporting or contradicting each of the questions outlined in the Section “Materials and methods” for all phenophases,
emergence, growth and development, reproduction, and senescence (left to right), split by taxa [light blue = animals (7 cases total; 6 insects, 1
bird); green = plants (n = 62 cases)]. Values are the number of different responses for each question out of the total number of cases that
addressed that question. (Qla) We examine whether non-native populations in their native vs. introduced range differ in their mean phenology,
where "yes" indicates a significant difference (a = 0.05). (Q1b) Of the studies that detect a significant difference in mean phenology, we ask
whether introduced populations demonstrate earlier or later phenology (for phenology measured as day of year of an event) or shorter or
longer phenological duration (for phenology measured as length of event or time between events) relative to native populations.

(Continued)
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FIGURE 3 (Continued)

(Q2a) We examine whether non-native populations in their native vs. introduced range differ in their phenological sensitivity to climate. “Yes”
indicates that a study detected a significant difference in the response of native vs. introduced populations to climate conditions. (Q2b) Of the
studies that detect a significant difference in sensitivity, we examine whether introduced populations of non-native species demonstrate greater
or less sensitivity to climate as populations in the native range. Greater sensitivity indicates a greater shift in phenology in response to climate.
Lastly, we report the direction in which phenology shifted in response to climate change scenarios (warmer and/or drier conditions) in (Q2c)
native and (Q2d) introduced populations. Not every study reported the direction of responses, so the denominator values vary for Q2c-d.

FIGURE 4

A Nonnative vs. native species
Hedges' g regression coefficient
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Phenological sensitivity to climate does not differ between (A) non-native vs. native plant species or (B) introduced vs. native populations of
non-native plant species. Native species/populations are shown as green circles; non-native species/introduced populations are shown as
purple triangles. Values are (left) mean effect sizes (Hedges' g) or (right) regression coefficients and 95% confidence intervals estimated from
mixed-effect meta-analysis models. Negative values indicate that the timing of a phenophase was earlier under climate change (warmer and/or
drier) conditions relative to ambient conditions (the dashed line indicates zero, or no effect).

quantify phenology across multiple phenophases as well as the
duration of a given phenophase to provide a more detailed
view of the temporal niche space occupied by non-native
species. Second, introduced plant populations were more likely
to have earlier reproduction than populations in their native
range. This suggests that introduced populations may benefit
from reproductive priority effects in their non-native ranges,
gaining earlier access to resources important for reproduction
(e.g., pollinators, breeding habitat, food sources, nutrients, and
light) and potentially a competitive advantage (Wolkovich and
Cleland, 2011; Wainwright et al., 2012). Future studies should
investigate whether earlier reproduction in introduced plant
populations benefits their establishment in novel environments.
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Both our qualitative review and subsequent meta-
analyses indicate similar levels of phenological sensitivity
to environmental conditions expected under climate change
for both non-native vs. native plant species and introduced vs.
native populations of non-native plant species. There are several
potential reasons for this apparent similarity in phenological
sensitivity. First, we focused our review on sensitivity to climate
variables such as temperature or precipitation, but non-native
plant species may be more responsive to other environmental
conditions like light or nutrient levels instead (Fridley, 2012;
Peng et al, 2019). Second, non-native plants may colonize
a wide range of environments via adaptive differentiation
rather than by tracking environmental variation through
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greater phenological sensitivity (Dlugosch and Parker, 2008).
In this case, non-native plant species could spread via the
persistence of various locally-adapted ecotypes (Mooney and
Cleland, 2001; Lavergne and Molofsky, 2007). Third, many
of the non-native plant species examined here may have
been present in the invaded community for some time. If
phenological sensitivity benefits earlier stages of invasion, when
species’ survival depends on tolerating a novel environment
in the introduced range, we may be less likely to detect it in
established plant populations well-past the initial stages of
invasion (Palacio-Lopez and Gianoli, 2011). After these initial
stages, any novel phenotypes resulting from environmental
sensitivity might become fixed under directional selection
in the novel habitat (Sexton et al,, 2002), and the magnitude
of environmental sensitivity may be reduced if it is costly
(Pigliucci et al,, 2006). Future work might focus on identifying
traits associated with newly-invading species and correlate
the environmental sensitivity of those traits with measures of
invasion success, such as rate of spread, abundance, fitness, or
population growth rates. Alternatively, studies could correlate
phenological sensitivity with time since invasion: if non-native
species are more likely to track environmental conditions early
in invasion, then more recently introduced species should
exhibit higher sensitivity. Finally, studies might consider
whether phenological sensitivity differs between widespread,
damaging invasive species vs. exotic species that are naturalized
in the community (Schultheis et al., 2015; Zettlemoyer et al,,
2019) or between archaeophytes vs. neophytes (Hulme,
2011; Essl et al, 2021). Overall, our results are consistent
with a previous meta-analysis detecting no differences in
phenotypic plasticity in root, shoot, and leaf traits between
native and non-native species (Palacio-Lopez and Gianoli,
2011).

Despite little evidence for consistent differences in
phenological sensitivity, when such differences were detected
sensitivity tended to be greater in non-native plant species
and introduced plant populations. Specifically, our qualitative
review demonstrated that most studies detect either greater
or equivalent phenological sensitivity, and almost never
detect reduced sensitivity, in non-native relative to native
plant species. This finding presents limited evidence for
the phenological sensitivity hypothesis, by suggesting that
phenological sensitivity may facilitate, though not be required,
for establishment of non-native plant species. In this case,
climate change may favor some non-natives with higher
phenological sensitivity, allowing them to rapidly respond
to climatic shifts or increased climate variability. However,
it remains unclear whether phenological sensitivity confers a
fitness advantage. Although previous work has demonstrated
that greater phenological sensitivity to temperature often
correlates with increased performance or abundance (Willis
et al., 2008, 2010; Cleland et al., 2012; Wolkovich et al., 2013; Iler
etal, 2021), we lack studies quantifying the relationship between
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degree of phenological sensitivity and changes in fitness in both
non-native and native species. Such data would help define the
relative importance of phenological sensitivity in facilitating the
establishment and spread of non-native species. For instance,
phenological shifts in response to experimental warming in
non-native Calluna vulgaris decreased reproductive success
in a co-flowering native species, Dracophyllum subulatum
(Giejsztowt et al., 2019). Ultimately, we need to link differences
in phenological sensitivity between native and non-native
species to demographic differences that might favor non-native
species under warming. This comparative approach will allow
us to understand which native species might be more at risk of
population declines due to an inability to track environmental
conditions via phenological shifts.

Conclusion

Despite a well-developed theoretical framework for how
phenology may facilitate establishment and spread of non-native
species (Wolkovich and Cleland, 2011), our review shows that
the empirical evidence remains surprisingly mixed for plants
and quite sparse for animals. We reiterate the plea for studies
to regularly report the underlying means, standard errors, and
sample sizes for individual taxa and experimental treatments
needed to conduct synthetic meta-analyses (Gurevitch et al,
2018; Kambach et al, 2020). Most studies in our review
compared reproductive phenology of plants in response to
warming, and studies addressing emergence or senescence,
responses to precipitation, animals, or tropical systems were
particularly rare. Future work should prioritize including
measures of phenological duration to better evaluate the niche
breadth hypothesis and explicitly linking phenology to aspects
of fitness, competitive ability, or invasiveness.
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Glossary

Archaeophyte: Non-native species introduced long ago (often before 1492 AD).

Broader niche/niche breadth: When a species can use a larger diversity of resources or habitats in space or time.

Exotic: Introduced species that assimilate into the native community with little effect.

Invasive: Introduced species that aggressively colonize natural communities with widespread, damaging effects.

Invasiveness: The ability of an introduced species to establish and increase their abundance or spread within the
invaded community.

Neophyte: Non-native species introduced more recently (often after 1492 AD).

Phenological sensitivity: The direction and magnitude by which phenology shifts in response to changing environmental
conditions (often measured as change in timing per unit of environmental change).

Phenotypic plasticity: The ability of an organism to adjust its phenotype based on the environment it experiences (note that this
definition does not include genetic x environment interactions).

Priority effects: A subset of the vacant niche where a species can gain access to unused resources first.

Vacant niche: An “open space” in space or time where resources are available.
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