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Abstract Temperature is one of the most important
factors governing the activity of ectothermic species,
and it plays an important but less studied role in the
manifestation of invasive species impacts. In this
study, we investigated temperature-specific feeding
and metabolic rates of invasive and native crayfish,
and evaluated how temperature regulates their ecological impacts at present and in future according to
different climatic scenarios by bioenergetics modelling. We conducted a series of maximum food
consumption experiments and measured the metabolic
rates of cold-adapted native noble crayfish (Astacus
astacus) and invasive signal crayfish (Pacifastacus
leniusculus) originally from a warmer environment
over a temperature gradient resembling natural temperatures in Finland. The maximum feeding rates and
routine metabolic rates (RMR) of native noble crayfish
were significantly higher at low temperatures
(\ 10 °C than the rates of invasive signal crayfish.
The RMRs of the species crossed at 18 °C, and the
RMRs of signal crayfish were higher at temperatures
above 18 °C. These findings indicate that the invader’s
thermal niche has remained stable, and the potential
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impacts per capita are lower at suboptimal cold
temperatures than for the native species. Our bioenergetics modelling showed that the direct annual
predation impact of noble and signal crayfish seem
similar, although the seasonal dynamics of the predation differs considerably between species. Our results
highlight that the temperature-specific metabolic and
feeding rates of species need to be taken into account
in the impact assessment instead of simple generalisations of the direction or magnitude of impacts.
Keywords Astacus astacus  Bioenergetics 
Maximum consumption  Niche conservatism 
Metabolic rate  Pacifastacus leniusculus

Introduction
Invasion by non-native species is one of the main
threats to global biodiversity and the function of
ecosystems (Sala et al. 2000). Quantifying the impacts
of invasive species and the recognition of the most
harmful species are essential for effective invasive
species management (e.g. Simberloff et al. 2013).
However, species invasions are complex phenomena
that depend on species-specific characteristics, the
receiving community, and the introduction pathways
(Richardson and Pysek 2012). A growing body of
literature has shown that the recognition and
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assessment of ecological impacts can be a complex
task (Simberloff et al. 2013). A more comprehensive
understanding of invasive species’ impacts and the
factors influencing them will improve management,
because actions can then be targeted at the most
harmful species and most vulnerable ecosystems
(Strayer 2012; Lowry et al. 2013; Ricciardi et al.
2013).
Predicting invasions of non-native species in new
areas and estimating their impacts are timely, because
climate change is likely to increase species invasions
(Strayer 2012; Lowry et al. 2013; Ricciardi et al.
2013). Models that assume niche conservatism—the
tendency of species to maintain an ancestral ecological
trait over time and space—have been widely used to
predict the geographical distribution of invasive
species. Niche conservatism is relevant to various
traits from those that determine the species abiotic
niche (e.g. thermal limits) and those that determine the
species’ resource use (e.g. diet) (Wiens et al. 2010).
However, the concept of niche conservatism is
currently debated in invasion ecology (Wiens et al.
2010; Comte et al. 2017). This is because many
successful invaders adapt to a wide range of habitats
(Kolar and Lodge 2001), which may indicate weak
niche conservatism in ecological traits. It may be that
species are conservative regarding some ecological
traits (e.g. thermal requirements) and more flexible for
others (e.g. habitat or food source use). This would
allow a species to occur in a certain region, but its
impacts will be regulated by a suboptimal position at
the environmental gradient (e.g. temperature range)
(Ricciardi et al. 2013). This habitat filtering or
environmental matching has been shown to limit the
impacts of invasive plants by decreasing performance
or population size, but wider evidence of the effects
remains scarce (Ricciardi et al. 2013), which may
increase uncertainty in impact predictions.
Invasive species are often shown to be more
efficient in resource use than native counterparts
(McCarthy et al. 2006; Twardochleb et al. 2013),
which explains the severe declines or extinctions of
native prey species directly by predation or indirectly
via resource competition (Simberloff et al. 2013).
However, these species-specific traits may vary in
environmental conditions (Iacarella et al. 2015),
potentially influencing the manifestation of impacts.
Recent studies and meta-analyses have indicated that
the ecological impacts of certain invasive species can
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vary across space, leading to the question of which
factor or factors regulate the impacts (Ricciardi et al.
2013; Ercoli et al. 2015; Evangelista et al. 2019). For
example, Ercoli et al. (2015) concluded that there is no
clear evidence that the invasive signal crayfish is a
more voracious predator than the native crayfish
species in northern latitudes with a colder climate
than in the native range of invasive signal crayfish.
Temperature is regarded as one of the most
important abiotic factors that govern the impacts of
ectothermic invasive species, because it regulates
overall resource use (Velde et al. 2009; Kelley 2014),
but species’ behavioural traits and resource use
efficiency play important roles (Alexander et al.
2014; Iacarella et al. 2015; Veselý et al. 2019).
Several recent studies have shown that certain invasive species are more efficient predators than natives
(Dick et al. 2013; Rosewarne et al. 2016), and
superiority may be explained by differences in
metabolic rates (Taylor and Dunn 2018). However,
laboratory studies are often conducted at species’
optimal temperature ranges (but see Iacarella et al.
2015), which can lead to false conclusions and
overgeneralisation of results, because invasive species
often populate semi-optimal environments with varying conditions (Ricciardi et al. 2013).
Bioenergetics models provide an opportunity to
quantify the food consumption of an organism in
variable environmental conditions and obtain datadriven estimates of individual- and population-level
energy and prey requirements and interactions (Kitchell et al. 1977; Karjalainen et al. 2015; McHuron et al.
2020). A bioenergetics model applies an energy
balance equation which balances total mass, waste
loss, and growth by mass- and temperature-specific
physiological functions or coefficients (Hanson et al.
1997). These models are especially powerful tools for
conducting if-else modelling, and bioenergetics
approaches have been applied in numerous ways to
predict the impact of climate change on organisms,
populations, and ecosystems (Humphries et al. 2004;
Matzelle et al. 2015; Jørgensen et al. 2016).
Our main question in the study concerns how
temperature regulates the physiology and feeding of
ectothermic invasive species, and whether the manifestation of the ecological impacts is linked to speciesspecific thermal and metabolic characteristics. To
answer these questions, we conducted laboratory
experiments and bioenergetics modelling with
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invasive signal crayfish (Pacifastacus leniusculus) and
native noble crayfish (Astacus astacus) inhabiting the
same geographical regions in Finland (Ruokonen et al.
2018). Our study species have been considered
ecologically and functionally redundant (Westman
et al. 2002), but they presumably differ in thermal
requirements and tolerances, given that signal crayfish
originates from the west coast of North America which
has different annual temperatures than in Finland
(Nyström 2002; Heinimaa and Pursiainen 2008). The
optimal and lethal temperatures of signal crayfish have
been shown to be higher than noble crayfish (Becker
et al. 1975; Rutledge and Pritchard 1981; Rognerud
et al. 1988; Firkins and Holdich 1993; Nakata et al.
2002; Nyström 2002), and empirical evidence indicates that low autumn and winter temperatures limit
signal crayfish spread to northern latitudes in Finland
(Heinimaa and Pursiainen 2008).
We studied maximum food consumption as a proxy
for the direct impacts and metabolic rates of invasive
and native crayfish species at a biologically relevant
temperature gradient in Finland.
We also used bioenergetics modelling to evaluate
how the direct impacts of study species varied between
seasons, and how species-specific thermal characteristics influenced the impacts in a future climate
scenario. We assumed that the thermal niche of
invasive signal crayfish had remained stable and
hypothesised that the thermal niche still reflected their
original physiological characteristics with low metabolic and maximum consumption rates at low water
temperatures. On the contrary, we expected that the
noble crayfish was also adapted to forage actively at
temperatures below 10 °C, because the water temperature in their habitats in Northern Europe can be less
than 10 °C for seven or eight months (Korhonen
2002). We suggest that thermal niche conservatism is
an important component that determines the impacts
of ectothermic invasive species and can thus explain
the variation in the impacts across a species’ distribution range (Ercoli et al. 2015).

Material and methods
The noble crayfish used in the laboratory experiments
and respirometry were captured with baited traps (ca.
50–70 g of fresh fish flesh, Rutilus rutilus) from lakes
Palvajärvi (62° 130 56; 26° 00 44) and Vesantojärvi

(62° 530 44; 26° 280 48). Signal crayfish were collected
from established populations in the crayfish ponds of
the Laukaa aquaculture station of the Natural
Resources Institute Finland (62° 280 10; 25° 520 42)
and trapped from lakes Päijänne (62° 40 37; 25° 300 58)
and Vesantojärvi (62° 530 44; 26° 280 48) and
transported to the experimental unit of the University
of Jyväskylä. All crayfish capture sites were located in
the southern boreal region with similar general annual
temperatures. Crayfish were acclimated to the laboratory conditions in flow-through, 20l plastic containers
for 1–4 weeks before the experiments commenced.
During the acclimation to experimental temperatures,
crayfish were reared at 2–18 °C in similar light
conditions (12:12 h light–dark cycle) and fed with
raw sliced potatoes, fish, and commercial fish feed.
Maximum food consumption rate
The maximum food consumption rate (CMAX, g wet
mass-1 24 h-1) of noble crayfish and signal crayfish
was determined from 2 to 22 °C in 22 separate
experiments in 2010–2016 (Table 1). Before the CMAX
experiments, each crayfish individual was kept without food in a separate rearing pool for 4 days and
acclimatised to the experimental temperature. After
the acclimation period, a crayfish was placed in an
experimental arena and offered fish eggs (offered total
mass 1.5–3.3 g), chironomid larvae (offered total
mass 2.5–12.0 g), and/or pea mussels (offered total
mass 4.1 g) (Table 1) placed randomly on the bottom
of the arena (plastic arena, height 15 cm x length
75 cm 9 width 55 cm, area = 04125 m2). The crayfish were allowed to feed ad libitum on the food
sources in the dark, and the uneaten items were
counted after the 12-h feeding period. The mass of
consumed food was then calculated using the average
wet mass (g) of pre-weighted food items (Chironomids: average mass 46.0 mg, SD ± 3.2; vendace
eggs: average mass 2.2 mg, SD ± 0.09; whitefish
eggs: average mass 12.1 mg SD ± 0.2; trout eggs:
average mass 109.0 mg, SD ± 3.2; pea mussels:
average mass 58.5 mg, SD ± 24.0). The extra moisture on the surface of food items was removed by
turning the item onto moist towel paper before
weighing. The exponential temperature functions
CMAX = CA 9 e (CB 9 temperature) were used for the
bioenergetics models of both crayfish. The mass
parameter was excluded, because within the size
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Table 1 Experimental temperature (°C), wet mass of crayfish (g, mean ± SE) and food consumption (g wet mass, g wet mass-1
24 h-1, mean ± SE) of noble and signal crayfish in consumption experiments conducted in 2010–2016
Species

Temp

Wet mass

Consumption

n

Food source

Data source

Noble

2

24.0 ± 2.6

0.020 ± 0.003

10

Vendace eggs

Not published earlier

2

22.8 ± 2.0

0.020 ± 0.003

10

Whitefish eggs

Not published earlier

2

23.0 ± 2.4

0.050 ± 0.013

9

Trout eggs

Not published earlier

6

24.0 ± 2.6

0.040 ± 0.006

10

Vendace eggs

Not published earlier

6

22.8 ± 2.0

0.040 ± 0.003

10

Whitefish eggs

Not published earlier

6

23.6 ± 2.2

0.080 ± 0.015

10

Trout eggs

Not published earlier

7

35.7 ± 3.4

0.100 ± 0.004

6

Eggs and chironomids

Not published earlier

16

36.4 ± 4.7

0.110 ± 0.025

13

Chironomids

Not published earlier

17

46.7 ± 3.2

0.070 ± 0.011

8

Clams and chironomids

Not published earlier

2

34.2 ± 2.3

0.010 ± 0.003

9

Vendace eggs

Karjalainen et al. (2015)

2

39.9 ± 3.9

0.010 ± 0.001

9

Whitefish eggs

Karjalainen et al. (2015)

Signal

2

30.4 ± 3.6

0.010 ± 0.003

4

Trout eggs

Karjalainen et al. (2015)

6

34.2 ± 2.3

0.010 ± 0.004

9

Vendace eggs

Not published earlier

6

36.5 ± 3.9

0.020 ± 0.003

9

Whitefish eggs

Not published earlier

6
7

30.2 ± 1.8
32.1 ± 4.3

0.020 ± 0.004
0.01 ± 0.006

8
3

Trout eggs
Vendace eggs

Not published earlier
Not published earlier
Sjövik (2016)

10

39.6 ± 1.2

0.06 ± 0.008

7

Chironomids

7

42.1 ± 1.5

0.06 ± 0.008

7

Eggs & chironomids

Sjövik (2016)

13

43.9 ± 7.7

0.09 ± 0.019

10

Chironomids

Sjövik (2016)

17

49.5 ± 3.2

0.13 ± 0.014

8

Clams & chironomids

Not published earlier

22

48.7 ± 13.1

0.1 ± 0.027

5

Chironomids

Sjövik (2016)

range of crayfish (Table 1) which we used in the
experiment, we did not observe any statistically
significant effect.
Metabolic rates
Mass- and temperature-specific metabolic rate functions were estimated from the oxygen consumption of
unfed noble (27.9–40.8 g wet mass) and signal
crayfish (14.2–87.1 g wet mass) measured in an
intermittent-flow respirometer connected to a fibreoptic oxygen sensor (Loligo Systems 4-channel OXY4 sensors). Oxygen consumption was measured at
temperature ranges from 4.3 to 29.4 °C and 3.6 to
29.1 °C for noble and signal crayfish respectively.
When the crayfish were acclimatised to each experimental temperature, they were kept in the container,
where the water temperature was changed at a
maximum rate of 2 °C day-1 to achieve the experimental temperature in the respirometer. Before
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respirometry, the crayfish were kept without food for
48 h.
After acclimation, four crayfish were placed individually in random order in separate acrylic chambers
(volume 451–2237 ml, depending on the size of the
crayfish) in which oxygen consumption was measured
for 15 min with a 9-min flush and waiting period over
a 24-h period, resulting in a total of 60 observations
per individual. The order of the different temperatures
changed between different groups of crayfish. The
routine rate of oxygen consumption (RMR) was
estimated by the average of all observations, excluding
the first 3-h measurements after placing the crayfish in
the chamber to avoid the effect of handling the stress
of crayfish in the RMR. The RMR is thus the average
rate of metabolism during a 24-h period that includes
the spontaneous activity of crayfish but does not
include feeding-induced thermogenesis (Keskinen
et al 2008). In the bioenergetics model, the feeding
induced thermogenesis is modelled by the specific
dynamic action (SDA) coefficient (Kitchell et al.
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1977; Karjalainen et al. 2015).The standard rate
(SMR) was based on the mean value of the three
lowest oxygen consumption values during the 24-h
measurement period. The SMR is an estimate of a
minimum metabolic rate which excludes all activityand feeding-induced thermogenesis. To exclude bacterial oxygen consumption, the oxygen consumption
of empty chambers was measured before and after
each crayfish measurement. The chambers were kept
in the dark during the entire measurement period.
For the bioenergetics model, the parameters for the
RMR functions (gO2 g-124 h-1) were applied from
respiratory experiments. The equation (Kitchell et al.
1977) used was:
RMR = RA  WRB  f ðTÞ;
where RA is the intercept of the allometric mass
function, W is crayfish wet mass (g), RB is the slope of
the allometric mass function, and f(T) is the temperature dependence function. The temperature dependence function was
fðTÞ ¼ VX  eðXð1VÞÞ
where
VX  eðXð1VÞÞ ;
V ¼ ðRTM  TÞ=ðRTM  RTOÞ


2 
0:5
2
X ¼ Z  1 þ ð1 þ 40  YÞ
=400

regression fitting was performed by the IBM SPSS
statistics v. 24 software.
Statistical analyses
Differences in the food consumption (CMAX) rate and
the metabolic rate (routine rate RMR and standard rate
SMR) between the species were analysed with the
General Linear Model (GLM, IBM SPSS statistics
version 24 software). Species was set as a fixed factor,
and the experimental temperature was included as a
covariate. The analysis was first performed with both
temperature and mass of crayfish as covariates, but
because the mass of crayfish was not significant
(p [ 0.25), the mass was excluded in the final analysis
of CMAX, RMR, and SMR. CMAX, RMR, and SMR
were LN-transformed before analyses.
Ecological impacts
The ecological impacts of both crayfish were evaluated by estimating their annual food consumption by
the Wisconsin-type bioenergetics model (Kitchell
et al. 1977). We applied the model construction of
Karjalainen et al. (2015), but we used the CMAX and
RMR functions fitted in this study (Fig. 1, Table 2).
No separate activity coefficient was used in the model,
because we used the RMR, which was assumed to
correspond to the routine activity in the field (activity

Z ¼ LNðRQÞ  ðRTM  RTOÞ
Y ¼ LNðRQÞ  ðRTM  RTO þ 2Þ
e = Euler’s number, constant,
where
RQ = Q10 rate.
RTO = optimum temperature of metabolia.
RTM = lethal temperature.
The RTM for signal crayfish was adopted from
(Becker et al. 1975) and (Rutledge and Pritchard
1981). No lethal temperature estimate is available in
the literature for noble crayfish, but (Rognerud et al.
1988) stated that ‘‘experiences of no extra mortality at
28 °C is known’’. We tested different RTM combinations using R2 as selection criterion and found 31 °C to
be the best RTM for noble crayfish. Non-linear

Fig. 1 Maximum food consumption rate (CMAX, g wet mass g
wet body mass -1 24 h-1) of noble (solid black line, open circle,
exponential function CMAX = 0.029 ± 0.033 e0.076±0.008*temp,
R2 = 0.433, n = 9, standard error of parameter given after ±),
and signal (dashed black line, black circle, CMAX= 0.007 ± 0.002 e0.143±0.030*temp, R2 = 0.726, n = 12) crayfish in relation to the water temperature (temp) measured in the
food consumption experiments. The grey curves are the same
RMR curves as in Fig. 2
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Table 2 Parameters of wet mass-specific non-linear metabolic functions of routine metabolic rate (RMR ± SE, gO2 g-1 24 h-1) for
noble and signal crayfish
Parameters

Noble crayfish RMR

Signal crayfish RMR

Lethal temperature RTM

31

33a
28.4 ± 0.80

Optimum temperature RTO

26.7 ± 1.47

Q10 rate RQ

1.604 ± 0.130

2.148 ± 0.077

Intercept of the mass function RA

0.001 ± 0.001

0.002 ± 0.0003

Slope of the mass function RB

0.35 ± 0.46

0.026 ± 0.05

R2 of nonlinear regression

0.460

0.877

a

Becker et al. (1975), Rutledge and Pritchard (1981)

A

B

Fig. 2 (A) The routine (RMR gO2 g-1 24 h-1) and (B) standard
metabolic rate (SMR gO2 g-1 24 h-1) of noble (solid line, open
circle, n = 40) and signal (dashed line, black circle, n = 74)
crayfish measured by the intermittent respirometer at different
temperatures. The curves of the RMR are non-linear regression
fittings, based on mass-specific RMRs of medium-weight (35 g)

crayfish from our own measurements and temperature limits
from the literature (see Table 2). In plot B, the grey curves are
the same RMR curves as in plot A. Exponential functions are
SMRnoble = 0.0003e0.049x (R2 = 0.435, n = 40) and SMRsignal= 0.0001e0.089x (R2 = 0.917, n = 74).

coefficient = 1, Karjalainen et al. 2015). The CMAX
and RMR functions were species-specific, but all other
model parameters were the same for both species. The
excretion coefficient (0.18), SDA coefficient
(0.01961), and egestion coefficients for each food
category was according to Karjalainen et al. (2015).
The egestion coefficients were 0.08 for fish eggs, fish
carcass, and benthic invertebrates, 0.86 for terrestrial
detritus, and 0.59 for aquatic plants. The energetic
content of crayfish, fish eggs, fish carcass, benthic
invertebrates, terrestrial detritus, and aquatic plants
was 3684, 7262, 6380, 3349, 10,571 and 1407 J g-1
wet mass respectively. The composition of the food in
the model was according to Karjalainen et al. (2015),
except the fish eggs were assumed to be available only

during the period from the middle of November to the
end of April, when the proportions of food were 6.3,
5.4, 27.0, 43.2, and 18.1% for fish eggs, fish carcasses,
benthic invertebrates, terrestrial detritus, and aquatic
plants respectively. During the rest of the year, they
were 8.4, 30.3, 43.2, and 18.1% for fish carcasses,
benthic invertebrates, terrestrial detritus, and aquatic
plants.
We estimated the food consumption of both species
assuming that the wet body mass of individual crayfish
was 37 and 55 g at the beginning and end of the
simulation period, which lasted 365 days starting on 1
January and ending on 31 December. The change in
mass was based on the information from Westman and
Savolainen (2002). Three different annual daily water
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temperature curves (past, present, and future) from the
littoral zone of two Finnish lakes were used: the mean
daily temperature for 1971–2000 in Lake Päijänne
(62° 30 4900 N, 25° 450 5000 E, Forsius et al. 2013), the
mean daily temperature in 2019 in Lake Southern
Konnevesi (5-day moving average of our own unpublished measurements with temperature loggers in the
littoral of Kotilahti and Pitkälahti) and in the future
scenario for 2070–2099 (emission scenario A2 according to IPCC (2007), Forsius et al. 2013) adjusted for
Lake S Konnevesi (62° 350 0800 N, 26° 350 3200 E). A
scenario adjustment for Lake S Konnevesi was made
by adding the difference in daily temperatures
between the Lake Päijänne past baseline
(1971–2000) and A2 scenario temperatures from
Forsius et al. (2013) to the daily temperature of Lake
S Konnevesi in 2019. The used future scenario A2 is a
high emission ‘‘alarm signal’’ scenario which predicts
considerable changes in the climate, especially in the
boreal region (IPCC 2007).
Our deterministic bioenergetics model produced
the annual food consumption estimates of both species
without an uncertainty analysis of parameter variability. We carried out simple one parameter sensitivity
analyses for RQ parameters in our noble and signal
crayfish models using both low and high 95%
confidence limits of the RQ estimated from our
experimental data. The RQ parameter determines the
temperature dependence of the RMR in our models
(see Table 2).

Noble
10000

Signal

Temp

A

Results
The CMAX of the noble and signal crayfish differed
statistically significantly between species (GLM,
F1, 21 = 8.756, p = 0.008), with the statistically
significant temperature covariate (F = 10.480,
p \ 0.001). At low temperatures, the CMAX of noble
crayfish was higher than the CMAX of signal crayfish.
The fitted CMAX functions crossed at 18 °C and
predicted a higher CMAX of signal crayfish at higher
temperatures (Fig. 1).
The RMR of the noble and signal crayfish differed
between species (GLM, F1, 113 = 19.385, p \ 0.001)
with the statistically significant temperature covariate
(F = 242.52, p \ 0.001). On the contrary, the SMR of
these two species did not differ between species
(GLM, F1, 113 = 1.138, p = 0.288), but the temperature
covariate
was
statistically
significant
(F = 361.308, p \ 0.001). The RMR of noble crayfish
was higher at low temperatures. At temperatures
above 20 °C, the RMR of signal crayfish was higher
than the RMR of noble crayfish (Fig. 2A, Table 2).
The RMR functions of medium-weight (35 g) crayfish
crossed at 18 °C (Fig. 2A). The SMR diverged
between species at high temperatures only, and the
SMR functions crossed at 21 °C (Fig. 2B). The large
variation in individual MRs in Fig. 2 (a circle
represents the metabolic rate of an individual crayfish)
is partly based on the variation in crayfish size.
In the simulation, in which an individual crayfish of
both species was set to grow from a size of 37 g to a
size of 55 g, the total annual food consumption of
℃

75

B

50

8000
15.0
6000
10.0

4000
2000
0

Difference in %

Consumption (J d-1)

20.0

25
0

5.0

-25

0.0

-50

J F MAM J J A S ON D

Month

J F M A M J J A S O N D
Month

Fig. 3 (A) Total annual food consumption (J d-1) of an
individual noble (solid line) and signal crayfish (dashed line)
estimated by the bioenergetics model. The daily temperature in
the littoral zone of Lake Southern Konnevesi in 2019 is

represented by a dotted line. (B) The difference (% (Noble
C-Signal C)/Noble C) in the monthly food consumption of noble
and signal crayfish
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A

B

Fig. 4 (A) Total annual cumulative food consumption (kJ d-1)
of an individual noble (solid line) and signal crayfish (dashed
line) estimated by the bioenergetics model for three different
annual temperature developments. (B) Water temperatures in
the littoral zone of two Finnish lakes: mean daily temperature

for 1971–2000 in Lake Päijänne (past, blue dotted line), mean
daily temperature in 2019 in Lake S Konnevesi (present, black
dashed line), and in the future scenario for 2070–2099 (emission
scenario A2, IPCC 2007) in Lake S Konnevesi (red solid line)

Table 3 One-parameter (RQ) sensitivity analysis of the bioenergetics models of noble and signal crayfish

RQ
Variation in RQ %
2019 C kJ a-1
Variation in C %
1970–2010 C kJ a

-1

Noble crayfish mean (95% c.l.)

Signal crayfish mean (95% c.l.)

1.604 (1.315–1.893)

2.148 (1.906–2.390)

± 18

± 11

608 (536–714)

507 (467–559)

(12–17)

(8–10)

594 (521–704)

489 (451–542)

Variation in C %

(12–19)

(8–11)

2070–2099 C kJ a-1

653 (590–744)

573 (535–624)

Variation in C %

(10–14)

(7–9)

The simulations were performed by changing the RQ between the mean, 95% lower limit, and higher limit values, while all other
parameters in the models were kept constant

noble crayfish was 17% higher than the food consumption of signal crayfish in the littoral temperature
of Lake S Konnevesi in 2019 (Fig. 3A). During the
cold periods from January to May and September to
December, noble crayfish consumed considerably
more food, but in July and August, the consumption
of signal crayfish was higher (Fig. 3A and B). If the
signal crayfish was allowed to consume the same
amount of food (a simulation with a constant annual
ration) as noble crayfish, the final wet body mass
(73 g) was 33% higher than the final mass of noble
crayfish (55 g).
Climate change scenarios from bioenergetics modelling showed that the total annual food consumption
of both species increased from the past to the present
and future scenarios (Fig. 4A, B). The total annual
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change in noble crayfish was 2% from past to present,
and 8% from present to future, while the corresponding annual changes of signal crayfish were 4% from
past to present, and 13% from present to future. Thus,
according to our simulations based on the temperature-specific physiological differences between species, the predation impact of signal crayfish will
approach the impact of noble crayfish in future
scenarios, but the total annual food consumption of
noble crayfish was still 12% higher than the total
annual consumption of signal crayfish. However, our
sensitivity analysis of RQ showed that a ± 18%
change (lower and higher limits of 95% confidence
limits) in the RQ parameter of the noble crayfish
model caused a 12–19% change in the total annual
food consumption of noble crayfish, and a ± 11%
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change in the RQ parameter of the signal crayfish
model caused a 7–11% change in the total annual food
consumption of noble crayfish (Table 3). A sensitivity
analysis indicated that the differences in annual food
consumption between species and scenarios were low
compared to the variation caused by the parameter
uncertainty in RQ alone (Table 3).

Discussion
Native noble crayfish and invasive signal crayfish had
divergent temperature-specific metabolic and food
consumption rates in our experiments. Noble crayfish,
which are adapted to colder conditions, had higher
routine metabolic rates (RMR) and consumed more
food items at temperatures below 10 °C. Our results
suggest that the RMR and maximum food consumption of invasive signal crayfish were higher at
temperatures above 18 °C. However, food consumption and the RMR were quite similar between species
in the middle of the experimental temperature gradient, indicating similar activity and per capita impacts
on that temperature area. These results support our
hypothesis that invaders’ performance and direct
impacts at suboptimal temperatures are lower than
those of native crayfish. The recent divergent empirical findings concerning the impacts of invasive
species (e.g. Lagrue et al. 2014; Ercoli et al. 2015)
could thus be at least partly explained by differences in
their activity and metabolic rates, which leads to lower
predation efficiency and net impacts in sub-optimal
conditions. Temperature is among the most important
determinants of the activity and function of ectothermic animals (Velde et al. 2009; Kelley 2014), but its
role in the impact assessment of aquatic invasive
species is not highlighted accordingly.
Aquatic ectotherms are often active during cold
seasons in cold waters, but adaptation to cold and
activity usually has costs due to physiological or
behavioural adaptations (Pörtner 2002). Lozán (2000)
studied the general activity of several crayfish species
over a wide temperature range (4–20 °C). Signal
crayfish were less active at low temperatures and more
active at high temperatures than noble crayfish, which
was in line with our results. In some earlier laboratory
and field studies, the activity and feeding of signal
crayfish in relation to temperature (e.g. Guan and
Wiles 1998; Bubb et al. 2002). Bubb et al. (2002)

suggested that a limited metabolic capacity could
restrict the ability of invasive signal crayfish to
outcompete native crayfish species. Standard metabolic rates (SMR) were similar between species
through the studied temperature gradient. Taylor and
Dunn (2018) reported a similar finding between two
crayfish species (A. pallipes, P. leniusculus) and
Chinese mitten crab (E. sinesis). With support from
the literature, they suggested that the energy needed
for vital functions and tissue maintenance ran at a
similar rate in the studied species. The temperaturespecific differences in the RMR between noble and
signal crayfish are therefore mainly due to the
differences in their activity. At low temperatures,
noble crayfish have the potential to move, search for
food, and feed more efficiently than signal crayfish.
Activity and energy production ability in the cold
may be linked to elevated enzyme capacity and/or to
increased mitochondrial densities or functions, which
are reflected as higher metabolic rates (Pörtner 2002).
It is possible to generate more energy in the muscle
mitochondria, which enables higher locomotory activity and feeding rates, and leads to higher oxidative
capacity and oxygen consumption in the cold. This
widely observed metabolic cold adaptation (Sommer
and Pörtner 2004; White et al. 2012) may provide a
physiological explanation for the differences between
noble and signal crayfish, but there are no crayfishspecific studies on mitochondrial densities or efficiency. The lower optimal and maximum temperature
of noble crayfish compared with signal crayfish
(Nyström 2002) indicates that the metabolic scope of
noble crayfish is reduced at high temperatures due to
increased oxygen demand and the overloading of the
oxygen transport system (Pörtner 2002). However,
according to our future simulations, severe detrimental
temperature-induced impacts on noble crayfish are not
anticipated in the near future.
Our results indicate that the thermal niche of signal
crayfish has remained somewhat stable, indicating
only a slow—if any—adaptation to a colder thermal
environment over about 50 years (12–15 generations)
in their new range (Ruokonen et al. 2018). Recent
studies and meta-analyses have shown that the evolution of thermal performance and adaptation in
ectotherms appears slow (Kristensen et al. 2020;
Logan et al. 2020), and most invasive species conserve
their climatic niche (Liu et al. 2020). In our case, the
adaptation process may be slowed down because of
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low genetic diversity, as small numbers of initial
propagules were introduced from single origin sources
(Froufe et al. 2015; Ruokonen et al. 2018). The current
distribution area of signal crayfish is the southern and
central part of Finland (Ruokonen et al. 2018). Further
spread is thought to be restricted by the unsuitable climate conditions in the northern part of the country
(Heinimaa and Pursiainen 2008), which supports low
adaptability and high conservatism in relation to the
thermal niche.
The general view has been that invasive species,
including crayfish, usually have stronger impacts on
other biota than native conspecifics (e.g. Nyström and
Strand 1996; Nyström et al. 1999; McCarthy et al.
2006; Twardochleb et al. 2013). Recently, some
studies have reported a functional redundancy
between invasive and native crayfish. Lagrue et al.
(2014) and Ercoli et al. (2015) found that invasive
signal crayfish and native noble crayfish had similar
impacts on macroinvertebrate communities. The
impacts’ magnitude may also depend on population
density (Hansen et al. 2013; Ruokonen et al. 2016),
vary between habitats (e.g. Ruokonen et al. 2014), and
intraspecific variation in traits between invasive
populations may also play an important role (Evangelista et al. 2019). Doherty-Bone et al. (2019) also
showed that redundancy may differ between targeted
organisms or ecosystem functions. These findings,
combined with our results, show that the impact
assessment of invasive crayfish is a multifaceted
complex that is affected by the physiological differences between species, their habitats, and the diverse
environmental factors in each ecosystem.
Our model simulations based on temperaturespecific differences in the physiology of the species
(Fig. 3) illustrate that the impacts of native and
invasive crayfish can vary significantly among seasons, and small changes in latitude or the habitat
microclimate can be important. Although the instantaneous season- and system-specific impacts may
differ, the long-term ecological impacts seem to
approach each other. In considering the probable level
of uncertainty based on our bioenergetics model
simulations, the annual food consumption of noble
and signal crayfish was similar, and significant differences cannot be seen in future climate scenarios either.
Keskinen et al. (2008) conducted a comprehensive
uncertainty analysis of multiple input parameters for a
similar Wisconsin-type bioenergetics model for
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pikeperch (Sander lucioperca) to the one we used in
this study for crayfish. They showed that the width of
the 80% probability range for food consumption
estimates from an evaluation of uncertainty was
typically 20% of the median value. Our one-parameter
sensitivity analysis of the RQ resulted in a 7–19%
variation in annual food consumption.
In our model scenarios, we assumed that the food
composition of both species was similar. Seasonal
differences in activity and feeding may cause changes
in annual diet composition or the predation impact on
specific prey. For example, signal crayfish are a
potential predator of the eggs of autumn-spawning fish
during the autumn and winter (Karjalainen et al.
2015), but according to our new results, noble crayfish
may be even more active and therefore potentially
more efficient at preying on fish eggs at low temperatures. However, the littoral and sublittoral zones of
large oligotrophic lakes are not the typical habitat of
noble crayfish, whereas signal crayfish have spread
widely in the large lakes of southern and central
Finland (Ruokonen et al. 2014, 2018). Nyström and
Strand (1996) reported that signal crayfish had a
stronger grazing impact on aquatic macrophytes than
noble crayfish. The difference was most evident at
higher temperatures (15 and 22 °C). Nyström et al.
(1999) also found that signal crayfish had stronger
impacts on macrophytes and benthic macroinvertebrates in an experiment conducted at summer temperatures. An analysis of the seasonal dietary changes of
noble and signal crayfish and the availability of their
prey was beyond the scope of our study, but would be
an important additional perspective in achieving a
more comprehensive conception of their ecological
impacts.
A rising ambient temperature, which is one of the
most significant elements of climate change, poses a
particular challenge to temperature sensitive organisms such as crustacea. Small changes in the ambient
temperature may strongly influence the physiology
and behaviour of crustaceans (Foucreau et al. 2013),
which will undoubtedly be reflected in their impacts
on the ecosystem and potential to invade the north.
The energetic costs resulting from the rising temperature are usually compensated for by increasing food
intake or changing the diet to energy sources with a
higher energy content (Woodward et al. 2010). The
rising temperature may also enhance predatory activity, thereby increasing impacts on other biota.

Divergent temperature-specific metabolic and feeding rates of native and invasive crayfish

Recently, Pellan et al. (2016) have suggested that the
impact of invasive crustaceans is likely to increase
with warming, but the generality of results remains
scarce, and a mechanistic understanding of climate
change impacts requires more research. Our simulations showed that the direct annual predation impact of
noble and signal crayfish seems to be similar at present
and in future, although the seasonal dynamics of the
predation differs considerably. In all, the divergent
temperature-specific metabolic and feeding rate of
crayfish species needs to be taken into account in the
invasion control and impact assessment of non-native
crayfish instead of simple generalisations of the
direction or magnitude of impacts.
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