Current Zoology 61 (6): 966-971, 2015

Temperatureincrease impacts personality traitsin aquatic
non-native species. Implicationsfor biological invasion
under climate change
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Abstract Climate change, such as elevated temperatures, may facilitate biological invasion. Aquatic animal systems are more
vulnerable to biological invasion when the temperature rises. Animal personality also plays an important role in the possibility of
successful establishment of invasive species. However, it is still unclear how personality traits of invasive species will respond to
global warming. This study focuses on juveniles of red swamp crawfish Procambarus clarkii, an invasive poikilothermic species
with wide distribution throughout the world, and explores how slight temperature increases influence three personality traits (ac-
tivity, boldness and aggressiveness) of P. clarkii. For each personality, individual variation is to be presented in condition of the
same temperature. Individual personality values can significantly increase with the subtle rising of water temperature. Significant
correlations among activity, boldness and aggressiveness are found at any temperature stage, and such relationships are main-
tained at asimilar level in the face of different temperatures. It is most likely that significant expressions of personality traits may
be an ecological compensation strategy to offset increased metabolic costs when faced with small temperature increases. Aggres-
sion syndromes are formed due to stable linkages between personality traits, in order to acquire allopatric resources efficiently

and establish a new population in this species [Current Zoology 61 (6): 966-971, 2015].
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The ongoing climate change is aformidable challenge
for global organisms. Climate change is mainly reflec-
ted by the varying degrees of temperature, carbon dio-
xide levels and precipitation (Walther et a., 2002;
Hughes et al., 2003). Climate change provide non-
native species with the colonization opportunity during
the biological invasion process (Hellmann et al., 2008;
Rahel and Olden, 2008). The primary cause is that inva
sive species outperform native species in some areas of
socioecological adaptations (e.g. higher dispersal ten-
dencies, as well as rapid growth and reproductive rates),
which may be conducive to effectively overcoming en-
vironmental challenges caused by climate change
(Kolar and Lodge, 2001; Sorte et a., 2013). Native and
invasive species, especially plants, perform similarly
well when coping with climate changes in terrestria
systems (Sorte et al., 2013). By contrast, invasive spe-
cies, especiadly animals (e.g. crawfishes), show better
performances than native species in aquatic systems
when temperature is elevated (Sorte et a., 2013). In
other words, aquatic animal systems are more vulnera-
ble to biological invasion when temperature rise occurs,
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and it deserves specia attention with consideration for
biological conservation (Rahel and Olden, 2008).

With regard to the topic of biologica invasion, many
previous studies tend to focus on the comparison of
inter-specific behavioral and ecological characteristics
during the invasion (Facon et al., 2006; Gurevitch et al.,
2011). In the last decade, new research approaches on
biological invasion have been increasingly emphasized,
which pay close attention to ecological adaptation of
intra-specific behavioral variation (i.e. animal persona-
lity) (Duckworth and Badyaev, 2007; Cote et a., 2010;
Cote et a., 2011; Fogarty et a., 2011; Gherardi et a.,
2012; Carvalho et a., 2013; Cote et a., 2013; Brodin
and Drotz, 2014). As has been verified aready, animal
personalities (assessed for example through activity,
boldness, aggressiveness) play an important role in the
possibility of successful establishment of an invasive
species (Rehage and Sih, 2004; Chapple et a., 2012;
Carere and Gherardi, 2013; Juette et a., 2014). For in-
stance, aggressiveness is considered a particularly im-
portant behavioral feature, which may help to predict
whether the establishment of invasive species is suc-
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cessful or not (Weis, 2010; Hudina et al., 2014). Fur-
thermore, some personality traits could be integrated
into the behavioral syndrome, so as to improve the suc-
cess rate of invasion in different stages (including es-
tablishment, spreading, and integration) (Fogarty et al.,
2011). Given that ecologica change could affect indi-
vidual fitness via animal personality (Réale et al., 2007),
it is worth exploring how climate change impact perso-
nality traits of invasive aguatic species by means of
experimental environmental simulation. However, it is
still unclear how personality traits of invasive species
will respond to climatic changes (e.g. elevated temper-
ature).

The red swamp crawfish Procambarus clarkii is one
invasive poikilothermic species with the widest distri-
bution among all crustaceans. Its original location was
in Southeastern U.S.AA. and Mexico (Gherardi, 2006;
Gherardi and Acquistapace, 2007; Gherardi et a., 2011,
Hanshew and Garcia, 2012). Socioecological plasticity
of P. clarkii and artificial transportation contributed to
its rapid spread throughout the world (Gherardi, 2006).
P. clarkii plays an important role in freshwater food
webs (Correig, 2002; Geiger et a., 2005; Carreiraet d.,
2014). The main purposes of this paper are to investi-
gate tempora stability of three personality traits (bold-
ness, aggressiveness, and activity) of P. clarkii under the
same temperature environment, and to explore how
temperature increase influence personality traits of this
invasive species. Considering that the crayfish belongs
to ectothermic species, it is predicted that indications of
these personality traits of this invasive species will in-
crease along with temperature rise.

1 Materials and Methods

1.1 Study of speciesand experimental procedures

Red swamp crayfish were obtained from a commer-
cia fish producer. Thirty juvenile individuals with
near-equal body sizes (mean length = 35.5 mm, SD =
3.5) were selected as the test subjects. We used juve-
niles instead of adults being this stage important for
species invasion capability. We did not explore sex
differences in that it is difficult to identify the sex for
juvenile crayfishes. Before the start of experimental
tests, each individual was raised separately for one day
in an opague plastic case (132 mm x 96 mm x 40 mm)
under the room temperature and normal photoperiod so
as to simulate a predator-free environment. Ceramic
rings were placed inside as hiding sites for crayfishes.
Individuals were acclimated to any temperature stage
for one hour before testing.

The experiment consisted of two temperature stages,
in which the lower water temperature (26 + 0.2°C) at
first and then the higher water temperature (29 + 0.3°C)
were maintained. We kept the same test order among
individuals across two temperature stages when mea-
suring each persondlity trait. Each individual at any
temperature stage was tested twice a day, once in the
morning (8:30 to 10:30 am.) and once in the afternoon
(2:30 to 4:30 p.m.). The test interval was about 6 hours.
The same experiment was then repeated for four conti-
nuous days for each individual at any temperature stage.
Totally there were eight repeated tests for each perso-
nality trait of each individua under each temperature
stage.

To measure boldness, we put a shrimp net in the
center of the case so as to simulate the threat of being
caught. As a result, crayfish responded by escaping to
the ceramic rings. We estimated boldness with the la-
tency for individuals getting away from the net into
ceramic rings. The shorter the latency is, the higher
boldness values are. To measure aggressiveness, we
applied the classic mirror test. One small mirror was
placed in the center of the case in order to simulate the
existence of a newly introduced individual of the same
species. Aggressiveness was evaluated by recording the
frequency of rapid swimming by the crayfishes directly
towards the mirror for a period of one minute. To
measure activity, we recorded the accumulated moving
time with active locomotion within three minutes for
each individual. It included any movement that the in-
dividuals made.

Our research adhered to the Chinese Government’s
legal requirements concerning animal research. This
study conforms to the provisions of the Declaration of
Helsinki.

1.2 Dataanalyss

To assess persondlity traits at different temperatures,
the general linear mixed model was adopted (Biro et al.,
2010; Briffa et a., 2013) and the personality values
were In (x + 1) transformed prior to the analysis for the
purpose of data normalization. A model was built based
on the methods described by Biro et al. (2010) and
Briffa et al. (2013). Ambient temperature was specified
as the main fixed effect, and the intercept and slope of
the personality traits, along with temperature changes,
were taken as random effects in the final model. Fur-
thermore, the covariance structure type was set as "un-
structured”. The random intercept effect displayed the
contextual generality while the random slope effect dis-
played the contextual plasticity (Biro et a., 2010;
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Dingemanse et al., 2010; Stamps and Groothuis, 2010).
The contextual generality suggests whether the indivi-
dual who had higher behavioral scores than others at
one temperature stage also display higher scores at
another temperature stage. The contextua plasticity
suggests whether some individuals have stronger beha-
vioral responses to temperature increase than others
(Biro et al., 2010). Test orders and test days were con-
sidered as covariates.

To examine relationships between personality traits,
the model-calculated predicted values for each indivi-
dual, at the lower and higher temperature stages, re-
spectively, were achieved with the application of
Spearman correlations test, and al of the analyses were
conducted with SPSS 21.0.

2 Reaults

2.1 Temperatureimpacts

With regard to activity, individual values increased
significantly along with a small rise in water tempera-
ture (F = 38.485, P < 0.001; Fig. 1). Individual activi-
ties did not show significant contextual generality (ran-
dom intercept effect: Z = 1.633, P = 0.102) and contex-
tual plasticity (random slope effect: Z = 0.887, P =
0.375) as the temperature varied. Based on normalized
values, 26 individuals showed an increase in activity,
but a dight decrease was suggested for the remaining 4
individuals (Fig. 1). Additionally, activity was signifi-
cantly changed over the test orders (F = 7.064, P <
0.001) and test days (F = 19.185, P < 0.001).

As for aggressiveness, individual values showed a
significant increase along with small temperature in-
creases (F = 4.214, P = 0.050; Fig. 2). Individuals gene-
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Fig. 1 Activity levels across temperature rise with nor-
malized data

Average values were shown for test individuals at each temperature
stage.

rally did not show significant contextua generality
(random intercept effect: Z = 1.856, P = 0.064) or con-
textual plasticity (random slope effect: Z = 1.601, P =
0.109) as the temperature changed. 24 individuals in-
creased their aggressiveness and a decrease was evident
for the remaining 6 individuals based on normalized
values (Fig. 2). Moreover, individual aggressiveness did
not change significantly over the test days (F = 3.174, P
= 0.075) as compared to test orders (F = 13.601, P <
0.001).

In terms of boldness, individual values decreased
significantly along with a small rise in temperature (F =
25.097, P < 0.001; Fig. 3). Individuals generally did not
show significant contextual generality (random inter-
cept effect: Z = 1.367, P = 0.172) or contextua plastic-
ity (random slope effect: Z = 0.928, P = 0.354) as the
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Average values were shown for test individuals at each temperature
stage.
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temperature changed. 26 individuals increased their bold-
ness and a decrease was suggested for the remaining 4
individuals based on normalized values (Fig. 3). Indi-
vidual boldness did not change significantly over test
days (F = 0.171, P = 0.679) as compared to test orders
(F =19.200, P < 0.001).
2.2 Relationship of personality traits

Through the observation of individuals at different
temperatures, we found that: 1) activity was positively
correlated with aggressiveness (26°C: r = 0.881, P <
0.001; 29°C: r = 0.881, P < 0.001); 2) boldness was
negatively correlated with activity (26°C: r = -0.524, P
< 0.001; 29°C: r = -0.524, P < 0.001); and 3) there was
no significant correlation between aggressiveness and
boldness (26°C: r =-0.071, P = 0.270; 29°C: r = -0.071,
P = 0.270).

3 Discussion

To the best of our knowledge, we present the first
investigation on the personality traits and temporal sta-
bility of juvenile red swamp crawfishes Procambarus
clarkii, as well as the first examination on how temper-
ature change impacts personality traits of this invasive
crayfish species. As each red swamp crawfish was cul-
tivated separately in their own shrimp box, observed
individual behavioral differences cannot be reflected by
different cultivation environment, which indicates the
change in personality traits was most likely influenced
by elevated water temperatures. It should be noted that
the isolated cultivation environment may influence the
expression of crayfish behavior (e.g. Drozdz et a., 2006;
Hanshew and Garcia, 2012).

Personality traits have been found in aguatic animal
species (Magnhagen, 2012; Rasmussen and Belk, 2012;
Stein and Bell, 2012). For red swamp crawfishes, indi-
vidual variation was obvious for each personality trait at
the same temperature stage. For instance, some indi-
viduals showed more than sevenfold mean values of
aggressiveness than others. Such intra-specific perso-
nality polymorphism is crucia for invasive species dur-
ing biological invasion in that the integration of perso-
nality traits with different degrees could contribute to
quicker and higher invasion throughout all three stages
of biological invasion (Fogarty et a., 2011; Sih et al.,
2012).

Personality traits may change throughout individual
development process prior to sexua maturity (Stamps
and Groothuis, 2010; Menzies et a., 2013). Personality
values may significantly change over test orders and
individuals did not show significant contextual generali-

ty and contextua plasticity in each personality test,
which suggests that personality traits are temporally
unstable at this given young age, as indicated by P.
clarkii. However, individual aggressiveness and bold-
ness did not significantly change over test days, which
to some extent suggest that boldness and aggressiveness
can be considered as predetermined personality traitsin
P. clarkii.

Temperature is one important factor influencing ani-
mal behavior, especialy for ectothermic species (Biro et
al., 2010; Vainikka et a., 2011; Pruitt et al., 2011,
Gherardi et a., 2012; Briffa et al., 2013; Frost et al.,
2013). As expected, P. clarkii displayed mean-values of
personality traits that increased along with the elevated
temperature, which is consistent with other ectothermic
species (e.g. Pomacentrus moluccensis: Biro et al., 2010;
Anelosimus studiosus: Pruitt et al., 2011). The potential
reasons could be explained in two steps. First, tempera-
ture displays a multiplicative influence on metabolic
rates in ectotherms, and even small temperature changes
will cause significant increases in metabolic rate
(Clarke and Johnston, 1999). Second, increasing meta-
bolic rates generally result in the consumption of more
energy costs and higher rates of food intake, so as to
maintain stable individual growth rates (Schmidt-Nie-
Isen, 1997). Correspondingly, significantly increased
activity, aggressiveness and boldness of P. clarkii could
improve foraging frequency and efficiency of species
dramatically, in order to compensate for increased me-
tabolic costs (Biro et al., 2010; Pruitt et al., 2011,
Carere and Gherardi, 2013). It is most likely that signifi-
cant expressions of personality traits may be an ecolog-
ical compensation strategy when facing small tempera-
tureincreases, at least for thisinvasive aguatic species.

Correlations between personality traits reflect inter-
individual consistency in awide range of environmental
situations with important ecological and evolutionary
implications (Sih et a., 2004; Réale et a., 2007). Posi-
tive correlations between aggressiveness, boldness, ac-
tivity, and dispersal tendency could improve positive
correlations of the three stages (establishment, spread-
ing and integration of biological invasion) during the
biological invasion (Sih et a., 2012). For P. clarkii, sig-
nificant correlations between activity, boldness and ag-
gressiveness were found at each temperature stage,
which is consistent with related findings in other inva
sive species (e.g. Pacifastacus leniusculus. Pintor et al.,
2008). Furthermore, such consistent relationships re-
main at similar levels in various temperature stages,
which are in accordance with previous studies for other
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ectotherms (e.g. Pomacentrus moluccensis: Biro et al.,
2010). These consistent relationships among personality
traits may be driven by individua difference for meta-
bolic rates, which are found to be stable over timein a
variety of animal taxa (Nespolo and Franco, 2007). Sta-
ble linkages of personality traits could lead to the for-
mation of aggression syndromes (Pintor et al., 2008),
which may help for efficiently acquiring allopatric re-
sources and establishing new populations in red swamp
crawfishes.

On the whole, we found that red swamp crawfishes
displayed significantly higher values for three personal-
ity traits in the face of small temperature increases. The
pronounced reactions suggest that P. clarkii owns po-
tential behavioral flexibility to adapt to its ecology and
life cycle dong with climate change. However, the
present study should be treated with caution due to the
use of captive bred individuals, the potential sex differ-
ence, as well as the availability of only one indicator
corresponding to climate change. Further investigations
are recommended to explore the impact of multiple in-
dices (e.g. temperature, carbon dioxide content, and
oxygen content) of climate change on personality traits
of wild-caught individuals, so as to provide the general
framework on ecological adaptation to climate change
by wild invasive species (Brommer, 2013).
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