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Climate change is presumed to increase both the number and frequency of fluctuations
in environmental conditions. Fluctuations can affect the ecological and evolutionary
processes that make species more successful competitors. For example, fluctuating
conditions can create selection pressures for traits that are profitable in adaptation to
fast climate change. On an ecological timescale, environmental fluctuations can facil-
itate species competitive success by reducing other species’ population sizes. Climate
change could then enhance species invasions into new areas if fluctuation-adapted
invaders displace their native competitors in chancing environments. We tested exper-
imentally whether fast environmental fluctuations, either past (on an evolutionary
timescale) or present (on an ecological timescale) affect species competitive success.
Bacteria that evolved in either constant or fluctuating temperature were set to compete
with the dominant invader Serratia marcescens, which had also evolved in either
constant or fluctuating temperature. Moreover, the competition experiments were
conducted in environments with similarly constant or fluctuating thermal conditions.
The results showed that temperature fluctuations during competition, i.e. on an eco-
logical timescale, made the invader more successful. Surprisingly, we found that the
invaders’ or its competitor species’ evolution in fluctuating environments did not affect
the outcome of the competition. Our study highlights the importance of the present
environmental fluctuations in promoting species’ competitive success and potentially
facilitating biological invasions.

Introduction

It is predicted that as a result of climate change
temperatures and also the variability in environ-
mental conditions will increase (IPCC 2018).
Global warming has already enhanced the spread
of many invasive species (Dukes & Mooney
1999, Clements & Ditommaso 2011), but it is
also possible that species’ evolution under fluc-

tuating conditions will contribute to its ability
to invade new areas (Lee & Gelembiuk 2008,
Saarinen et al. 2019). This is because fluctu-
ating conditions create selection pressures for
traits helping to adapt to fast climate change
(Levins 1968, Botero et al. 2015). In addition
to increased species’ invasiveness, fluctuations
in environmental conditions could accelerate
global biodiversity loss by making native com-
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munities and their environments more vulner-
able to invasions (Parepa et al. 2013, Saarinen
et al. 2019). Invasive species are known to be a
problem in many ecosystems, and they can, for
example, competitively displace native species
(Mooney & Cleland 2001). This calls for studies
to predict the success of invasive species under
future changing environmental conditions (Ric-
ciardi et al. 2017).

Climatic fluctuations are often associated
with increased disturbance in natural environ-
ments (Parepa et al. 2013). On an ecological
timescale, environmental fluctuations can facil-
itate species invasions by increasing variation in
native species’ population sizes, thus reducing
competition and releasing resources for invaders
to exploit (Davis 2009). Several field and labora-
tory studies have found disturbed environments
to be more prone to invasions than non-disturbed
(Burke & Grime 1996, Davis et al. 2000, Mel-
bourne et al. 2007, Li & Stevens 2012, Liu et al.
2012). In addition, invasive species have been
suggested to originate from areas that are het-
erogencous and disposed to disturbances (Baker
1974, Lee & Gelembiuk 2008, Foucaud et al.
2010, Hufbauer et al. 2012). For example, if the
species has evolved in a disturbed environment,
it might have pre-adaptations which increase its
invasion success in the new environment with
similar conditions (Bock 1959, Lee & Gelem-
biuk 2008, Hamilton et al. 2015). Human-al-
tered environments are becoming universal, and
if species can adapt to this type and intensity
of disturbances, they could become success-
ful invaders worldwide. This scenario is known
as the anthropogenically induced adaptation to
invade hypothesis (AIAI; Hufbauer et al. 2012).

Species evolution under environmental fluctu-
ations, which are fast in relation to species’ gen-
eration time, might select for characteristics, such
as generalism and phenotypic plasticity that make
them subsequently successful as invaders (Levins
1968, Meyers et al. 2005, Lee & Gelembiuk
2008, Ketola et al. 2013, Kristensen et al. 2018).
These qualities can increase their ability to toler-
ate a wide range of conditions; for example, the
adaptation to fluctuating temperature by thermal
generalism would allow species to prosper in var-
ious environments under climate change (Zere-
becki & Sorte 2011). Moreover, the adaptation

to fluctuating conditions can make the invader
more competitive than the native species (Lee &
Gelembiuk 2008, Duncan et al. 2011). This is true
especially if the native species have not adapted
to the prevailing fluctuating conditions (Shea &
Chesson 2002). On the other hand, if the native
species are also pre-adapted to tolerate fluctua-
tions, the invader might not have a competitive
advantage over its local competitors (Saarinen
et al. 2019). However, there is little information
if the lack of adaptation to fluctuations in native
species could make communities less resistant
against invasions and increase the risk of extinc-
tions due to competition with the invader (Mar-
vier et al. 2004, Melbourne et al. 2007).

The experimental evolution studies on adap-
tation to fluctuating environments are numerous
(Kassen 2002), yet very few studies exist on the
possible effects of fluctuations promoting the
biological invasions (Lee & Gelembiuk 2008).
Thus, our aim was to test how rapid temperature
fluctuations in the environment during competi-
tion (i.e. on an ecological timescale), and during
the evolution of both the invader and its compet-
itor species (i.e. on an evolutionary timescale),
affect the competitive success of the invader.
To investigate the multifactorial nature of inva-
sions, we used several bacterial species that had
evolved either in constant or fluctuating tem-
perature and implemented inter-specific compe-
tition experiments in similarly constant or fluc-
tuating thermal conditions (Saarinen ef al. 2018).
With this experimental evolution setup and high
levels of replication, we were able to tease apart
the effects that are co-occurring in nature.

As an invader we used a strongly competi-
tive species Serratia marcescens, competing with
other bacterial species in bicultures. In our com-
petition experiments, the invader started as rare
compared with its competitor species. Both the
invader and its competitor species were inocu-
lated concurrently, hence having an equal oppor-
tunity to use the available resources. Therefore,
our experiments reflect asymmetric competition
rather than invasion in a strict sense, i.e. when the
invader arrives later than its resident species. The
level of competitive success of the invader was
defined by continuous metrics as the proportion
of invader clones in the total number of bacterial
clones under specific environmental conditions.



ANN.ZOOL.FENNICI Vol.57 -

Environmental fluctuations drive species’ competitive success 81

We hypothesized that: (1) disturbed, thermally
fluctuating, environments promote species’ com-
petitive success, (2) evolution under fluctuat-
ing temperature increases species’ competitive
success, and (3) species evolved under constant
temperature are less resistant to competition in
thermally fluctuating environments.

Material and methods
Study species

In our study, we used the following four species,
all originally obtained from ATCC® (American
Type Culture Collection): Serratia marcescens
ssp. marcescens (ATCC® 13880™), Pseudomo-
nas putida (ATCC® 12633™), Pseudomonas flu-
orescens (ATCC® 13525™) and Novosphingo-
bium capsulatum (ATCC® 14666™). Bacterial
species were chosen based on their abilities to
grow well in the same medium and to tolerate
rapidly fluctuating temperatures of the exper-
iment. Before the experiments, the clones had
evolved for 79 days in thermal cabinets (Lab
Companion, ILP-12; Jeio Tech, Seoul, Korea) in
two temperature regimes: constant temperature
of 30 °C for the whole period, and fluctuating
temperature cycling as follows: 20-30-40-30-
20 °C each temperature kept for 2 h (for details
see Saarinen et al. 2018). This corresponded to
ca. 86 generations in all species and treatments.
The constant temperature was near the optimal
temperature for all the bacterial species, when
the maximum growth rate and yield were mea-
sured (Saarinen et al. 2018). Serratia marcescens
was chosen as an invader because it is known to
dominate the other study species, i.e. reflecting
typical invasive species in this respect, and is
also easy to distinguish from the other species
when using DNase agar plates (Smith ez al. 1969,
Ketola et al. 2017).

Competition experiments

Our study design allowed us to separate the
effects of the environment during competition,
the evolution of the invader and the evolution
of the competitor species (constant vs. fluctuat-

ing temperature in all cases) on the competitive
success of S. marcescens. In this experiment,
the competitive success was calculated as the
proportion of the S. marcescens colonies in the
total colony count including also the competitor
species colonies. This means that there was no
defined threshold value for the competitor spe-
cies’ displacement. The invader clone that had
evolved in either constant or fluctuating tem-
perature competed with the competitor species’
clone that had also evolved in either constant
or fluctuating temperature. We implemented
competition experiments in two environments
which matched the conditions during bacterial
evolution, one with constant (30 °C) and the
other with fluctuating (20-30—40 °C, at two-hour
intervals) temperature. Altogether we had eight
different treatment combinations.

In the competition experiment, we used one
clone per replicate population (n = 8) for each
bacterial species. After the evolution (see “Study
species”), clones were isolated from each of the
populations and frozen at —80 °C (1:1 in 80%
glycerol). At first, we propagated all study species
separately from frozen samples for three days at
30 °C and measured clones’ inoculum sizes as
optical densities (OD) in temperature-controlled
spectrophotometers (Bioscreen C®, Oy Growth
Curves Ab, Ltd., Helsinki, Finland). After that,
one clone from each S. marcescens population
was chosen randomly to compete with one clone
from each population of its competitor species in
biculture. The initial invader-to-competitor ratio
was 1:24. This experiment was repeated with all
three competitor species (P. putida, P. fluorescens,
N. capsulatum). In total there were 192 competi-
tion experiments.

The experimental microcosms were 15 ml
centrifuge tubes (Sarstedt, Numbrecht, Ger-
many) containing 3 ml of sterile nutrient broth
medium (10 g of nutrient broth powder [Difco,
Becton, Dickinson & Company, Sparks, MD]
and 1.25 g of yeast extract (Difco) in 1 1 of ster-
ile ddH,0). We initiated the competition exper-
iments by pipetting 2 pl of S. marcescens and
48 ul of one of its competitor species into all of
the 192 tubes. Species were inoculated concur-
rently so that there was an equal opportunity for
consuming the resources. Half of the tubes were
kept in constant (30 °C) and half in fluctuating
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(see “Study species”) temperatures. The tube
caps were kept loose to ensure the gas exchange.
We allowed the species to compete for three days
(72 h), after which we sampled 500 pl of bac-
terial suspension from each tube into cryotubes
containing 500 pl of 80% glycerol and stored
them at —80 °C for later analysis.

Determination of competitive success

To determine the competitive success of S. mar-
cescens, we counted the invader colonies in
each sample after three days of competition. We
plated all the 192 frozen samples in a random
order. We used a standard dilution-series tech-
nique, i.e., we pipetted 100 pl of thawed bacte-
rial suspension into 900 pl of sterile ddH,O and
repeated the tenfold dilution six times to achieve
105-fold and 10¢-fold dilutions of the original
samples. These dilutions allowed us to count
separate colonies on agar plates. The discrim-
ination of species, S. marcescens or other, was
conducted on DNase test agar plates (Becton,
Dickinson and Company, Sparks, MD; premade
at Tammertutkan maljat, Tampere, Finland).
DNase plates allow for separation of the invader
colonies from the competitor species colonies
because only S. marcescens can break down
DNA enzymatically, which is seen as a clear halo
around the colonies (Smith et al. 1969, Ketola
et al. 2017). After two to three days of propa-
gation at room temperature, we counted the S.
marcescens colonies and all bacterial colonies
on each plate to estimate the competitive success
(u) of the invader expressed as the proportion of
S. marcescens colonies in the total colony count.

Data analysis

We tested the effect of the environment tempera-
ture during competition, as well as that of the
evolution temperature of the invader and com-
petitor species, on the competitive success of S.
marcescens. We modeled the odds of encoun-
tering S. marcescens colonies in all bacterial
colonies on a DNase agar plate. As we had a
non-normal proportion data and the analysis
included random effects, we analyzed the results

with generalized linear mixed model (GLMMs;
Bolker et al. 2009). We used a binomial error
distribution and a logit link, and set the total
number of colonies on a plate as a denominator
to control for the total number of events in a trial.
All analyses were run in SPSS ver. 24.0 (IBM-
SPSS, Chicago, IL).

The three fixed factors were the environment
during competition, the evolution of the invader
and the evolution of the competitor species,
which all had two levels, constant and fluctuat-
ing temperatures. We fitted these three fixed fac-
tors, all their two-way interactions and the three-
way interaction as explanatory variables. The
identity of the S. marcescens clone, regardless
of its evolution regime, and the identity of the
competitor species were fitted as random factors.
This was done to control for the non-indepen-
dency of the observations, arising from the fact
that the competitive success of the same invader
clones was measured in two environments and
against several competitor species. In addition,
we also performed backward model selection for
the full factorial model to find the most reduced
model by removing effects for which p > 0.1.
This procedure did not change the biological
interpretation of the results.

To test the sensitivity of the main results, we
re-ran our model including also the fixed effect
of competitor species’ identity, and all possible
two- to four-way interactions with other fitted
factors. This allows test the responses of com-
petitor species to the environment temperature
during competition and the evolution temperature
of the invader and its competitor species. In addi-
tion, we tested a model in which the inoculum
sizes of both the competitor species’ clones and
the invaders’ clones were added as covariates to
control for the differences in starting cell den-
sities. Moreover, using the data from Saarinen
et al. (2018), we tested whether growth char-
acteristics of the invader clones at nearly opti-
mal thermal conditions (30 °C), extreme thermal
conditions (20 °C and 40 °C) or during thermal
fluctuations (see “Study species”) affected the
competitive success of the invader by includ-
ing them in the analysis as fixed covariates. As
all additional analyses confirmed our findings
from the full factorial model, in the following
we present the results from the full factorial and
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Fig. 1. The effects of (A) the environment temperature during competition, and (B) the three-way interaction of the
environment temperature during competition, the invader’s evolution temperature and the competitor’s evolution
temperature. Competitive success (u) is the proportion of Serratia marcescens colonies in the total colony count
after three days (72 h) of competition. Shown are the estimated marginal means with 95% confidence limits (CL).

the reduced models only. All count data, clones’
inoculum sizes and additional data of maximum
growth rates and yields are available at https:/
doi.org/10.17011/jyx/dataset/68316.

Results

The full factorial model indicated high com-
petitive success of S. marcescens after three
days of competition (all-data mean u = 0.981,
95%CL = 0.949-0.993). In all the studied spe-
cies’ pairs, there was clearly one factor, the
environment temperature during competition,
which had an effect on the competitive success.
Serratia marcescens was more successful when

the environment temperature during competition
was fluctuating (u = 0.989, 95%CL = 0.969—
0.996) rather than constant (u = 0.968,
95%CL = 0.917-0.988, p = 0.001) (Fig. 1A and
Table 1). The invader’s evolution temperature,
the competitor’s evolution temperature, as well
as all the studied interactions had no effect on the
competitive success of S. marcescens (Fig. 1B
and Table 1). The random effect of the invader
clones’ identity was significant (¢° . = 0.503,
SE =0.205, Z=2.447, p = 0.014), but the effect
of the competitor species identity was non-sig-
nificant (¢°, , = 0.271, SE = 0.275, Z = 0.985,
p =0.325).

The reduced model produced the same
results. The only difference was that competitive

Table 1. The results of the generalized linear mixed model testing the effects of the environment temperature during
competition, as well as the evolution temperature of the invader and the competitor species on the competitive suc-
cess (u) of Serratia marcescens after three days (72 h) of competition. Full model and the most reduced model after
backward model selection with removal criterion of p > 0.1; df1 was 1 for all factors and factor interactions.

Full model Reduced model
F df2 p F df2 p
Environment during competition 141.679 182 0.001 155.031 186 0.001
Invader’s evolution 0792 14 0389 0815 14 0.382
Competitor’s evolution 15633 182 0.217 3.184 186 0.076
Environment during competition x invader’s evolution 0.001 182 0.981
Environment during competition x competitor’s evolution 1.624 182 0.204
Invader’s evolution x competitor’s evolution 0.256 182 0.614
Environment during competition x invader’s evolution x competitor’s evolution ~ 0.165 182  0.685
AIC = 1153.181 AIC = 1139.420
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success of the invader seemed insignificantly
higher when the competitor species had evolved
in fluctuating (u« = 0.982, 95%CL = 0.952—
0.994) rather than in constant temperature
(u = 0.980, 95%CL = 0.945-0.993, p = 0.076;
see Table 1). The AIC value for the reduced
model was slightly better than that for the full
model (see Table 1).

Discussion

Ongoing climate change is increasing fluctuations
in global temperature (IPCC 2018), and therefore
can potentially increase chances of successful
species invasions now and in future (Stachowicz
et al. 2002, Parepa et al. 2013). Despite that, very
few studies have tested this prediction (Kreyling
et al. 2008, Lee & Gelembiuk 2008, Ketola et al.
2013, Saarinen et al. 2019). Experimental eval-
uation of the relative importance of ecological
and evolutionary processes, which affect species’
invasion success at different timescales is also
lacking (Lee 2002, Facon et al. 2006). In our
manipulative laboratory experiment, we quanti-
fied the effect of temperatures fluctuating on the
ecological timescale and during the evolution of
the invader and its competitor on the competitive
success of the invader. We found that fast tem-
perature fluctuations in the environment during
competition clearly facilitated competitive suc-
cess (Fig. 1A and Table 1). However, we did not
detect any evidence for the effect of fluctuating
temperatures during invaders’ or its competitor’s
evolution, or the interactions between the stud-
ied factors on the outcome of the competition
(Fig. 1B and Table 1).

In accordance with our hypothesis, S. marc-
escens was more successful, when the tempera-
ture during competition was fluctuating, rather
than when it was constant (Fig. 1A and Table 1).
This result indicates that disturbed environments
are more prone to invasions than less disturbed,
and is consistent with the results of previous
studies carried out on plants and bacteria (Burke
& Grime 1996, Davis et al. 2000, Li & Stevens
2012, Saarinen et al. 2019). Our study is among
the first ones to show experimental evidence that
fluctuations in temperature, not just in resource
availability, could also affect species’ competi-

tive success, and potentially its ability to invade
(Davis et al. 2000, Melbourne et al. 2007, Liu
et al. 2012, Saarinen et al. 2019). Experiments
providing data on fluctuations in other environ-
mental factors and their interactions could offer
interesting insights (Kreyling et al. 2008, Parepa
et al. 2013). However, it should be remembered
that disturbed and fluctuating environments may
differ, and besides the anthropogenic pressure,
there is also natural variation in environmental
conditions which could affect species’ invasion
success (Ricciardi & Maclsaac 2000, Winkler
et al. 2008). Contrary to competitive exclusion,
environmental fluctuations can also act as a
factor promoting species’ coexistence and main-
taining diversity (Chesson 2000).

Unexpectedly, we found that evolution of S.
marcescens in the fluctuating temperature had
no effect on its competitive success (Fig. 1B
and Table 1). This contradicts the notion that
adaptation to fluctuating environments improves
species’ invasiveness (Lee & Gelembiuk 2008).
Some earlier studies found evidence for the
higher invasion success of species and popula-
tions that evolved in disturbed habitats (Baker
1974, Winkler et al. 2008, Foucaud et al. 2010,
Ketola et al. 2013, Saarinen et al. 2019). Also,
permissively fluctuating temperatures can select
for enhanced performance traits such as faster
growth rate (Colinet et al. 2015). In our study,
all bacterial cultures were initiated from clones
of replicate populations which had evolved in
specific environments. Even when starting from
a homogeneous gene pool, the evolutionary
time in an experimental setup closely similar
to ours, is sufficient for adaptations to occur in
response to selection (Ketola et al. 2013). This
suggests that within a given time the selection
for improved competitive ability was not very
strong. Alternatively the lack of results could be
due to clone-specific evolution of growth traits
that could mask treatment effects. However, our
additional analyses indicated that the competi-
tive success of S. marcescens was not explained
by its growth characteristics nor the ability to
compete with other species (resource or interfer-
ence competition).

Like invaders, competitor species could also
benefit from the evolution in fluctuating envi-
ronments (Saarinen et al. 2019). Contrary to our



ANN.ZOOL.FENNICI Vol.57 -

Environmental fluctuations drive species’ competitive success 85

hypothesis, the results did not show higher com-
petitive success of S. marcescens when the com-
petitor species had evolved in a constant-tem-
perature environment (Fig. 1B and Table 1). In
the reduced model, the effect of the competi-
tor’s evolution temperature was insignificant (p =
0.076; see Table 1) but pointing to better compet-
itive success of the invader when its competitor
had evolved in a fluctuating-temperature environ-
ment. Whether the species’ evolution in a constant
thermal environment could affect their adaptation
to thermally fluctuating environments is unclear.
For example, in the long-term study of tobacco
hornworm (Manduca sexta) (Kingsolver et al.
(2009) did not find divergence in the responses
of fluctuation- and constant-environment adapted
populations to fast temperature fluctuations. In
another experiment, populations of the pitcher
plant mosquito (Wyeomyia smithii) from different
geographic locations showed no genetic differ-
ences in their response to diurnal fluctuations
(Ragland & Kingsolver 2008). In both studies,
the between-population differences in life-history
traits were dependent on the mean temperature
rather than the variation in temperature (Ragland
& Kingsolver 2008, Kingsolver et al. 2009). On
the other hand, bacterial communities that had
adapted to constant conditions were found to be
more vulnerable to invasion, especially during
the early stages of the experiment (Saarinen et al.
2019). More studies are needed to assess whether
climate change can facilitate biological invasions
by favoring invasive species over their native
competitors (Stachowicz et al. 2002).

In addition, we found no effect of the inter-
action between the environment temperature
during competition and that during the invader’s
evolution (Fig. 1B and Table 1). This contra-
dicts the anthropogenically induced adaptation
to invade hypothesis and the previous findings
on invasive species, which show evidence that
pre-adaptation of organisms to matching envi-
ronmental conditions makes them more success-
ful in invading new areas (Ricciardi & Maclsaac
2000, Bossdorf et al. 2008, Winkler et al. 2008,
Foucaud et al. 2010, Hufbauer et al. 2012, Ham-
ilton et al. 2015). Along with this, none of the
interactions were found to affect the competitive
success of S. marcescens, pointing that the stud-
ied factors were not dependent on each other

(see Fig. 1B and Table 1). Some studies found
stronger evidence for these interactions, when
the environmental conditions during invasion,
the traits of the invader and the attributes of its
native competitors acted together (Kreyling et
al. 2008, Litchman 2010, Méachler & Altermatt
2012, Saarinen et al. 2019).

In our study, the detection of the effects of
temperature fluctuations on competition might
have been confounded by the high overall com-
petitive success of S. marcescens. Although we
cannot separate the effect of the overall compet-
itive success, it was clear that the temperature
fluctuations during competition improved the
success of the rare species. Previous studies
carried out with the same bacterial strains, but
setting S. marcescens against multiple species in
the same culture and adding the competitor spe-
cies frequently, did not find as pronounced inva-
sions (Ketola et al. 2017, Saarinen et al. 2019).
In addition, it could be argued that our artificial
community was too simple as we used only one
competitor species as “the community”. Indeed,
this is a simplification of nature, where also bio-
diversity and composition of native communities
are assumed to affect their resistance to invasions
(Davis 2009, Ketola et al. 2017). Recent studies
highlighted, for example, the importance of mul-
tiple invaders and the abundance of the invader
relative to that of the resident community as the
primary drivers of invasion (Kinnunen et al.
2018, Rivett et al. 2018). However, the aim of
our study was not to mimic the complexity of
natural communities, but to efficiently test the
theories of invasion biology (Naughton et al.
2015). The information emerging from microbial
studies is also important since climate change is
going to increase the spread of pathogens into
new habitats and hosts (Bennett & Hughes 2009,
Litchman 2010, Ricciardi ef al. 2017).

To conclude, we found that rapid tempera-
ture fluctuations during competition improve the
competitive success of S. marcescens, pointing
that the ecological context could be extremely
important also in invasions (Shea & Chesson
2002). Furthermore, we found no evidence
that evolution under fluctuating conditions or
competitors’ lack of adaptation to tolerate tem-
perature fluctuations makes the invader more
successful. Our findings show that the current
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environmental variation resulting from climate
change (IPCC 2018) could be the most prom-
inent factor in promoting species’ competitive
success in fluctuating environments. However,
further studies aiming at distinguishing the traits
of the invader, the attributes of its native com-
petitors and the environmental conditions during
invasion, should be undertaken (Facon et al.
2006, Lee & Gelembiuk 2008). Considering
these factors together would allow us to make
more accurate predictions of the species’ ability
to invade under novel, fluctuating climatic con-
ditions (Kreyling et al. 2008, Litchman 2010,
Maichler & Altermatt 2012, Saarinen et al. 2019).
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