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Multiple causes can determine the disturbance of natural equilibrium in a population of a species, with a common one being the presence of invasive competitors. Invasives can drive native species to the resettlement of the trophic position, changing reproduction strategies or even daily normal behaviours. Here, we investigated the hypothesis that more effective anatomical features of an intruder (Faxonius limosus) come with increased boldness behaviour, contributing to their invasion success in competition against the native species (Pontastacus leptodactylus). We tested the boldness of specimens representing the two species by video-based assessment of crayfish individuals’ attempts to leave their settlement microenvironment. The experiment was followed by a series of measurements concerning chelae biometry, force and muscle energetics. The native species was less expressive in terms of boldness even if it had larger chelae and better muscular tissue performance. In contrast, because of better biomechanical construction of the chelae, the invasive species was capable of twice superior force achievements, which expectedly explained its bolder behaviour. These findings suggest that, in interspecific agonistic interactions, the behaviour strategy of the invasive crayfish species is based on sheer physical superiority, whereas the native crayfish relies on intimidation display.

Keywords: behaviour, competition, Faxonius limosus, invasive species, Pontastacus leptodactylus


INTRODUCTION

Biological invasions are one of the most challenging issues for nowadays conservationists (Nentwig et al., 2018; Flood et al., 2020). The successful establishment of alien species in a new environment is generally driven by intrinsic mechanisms (Sullivan et al., 2017; Pacioglu et al., 2020) and extrinsic pathways (Light, 2003; Essl et al., 2015). Multiple perspectives have been approached to understand and depict the processes behind successful invasions, such as ecological (Lodge, 1993; South et al., 2020), economical (Perrings et al., 2002), or pathological (Strauss et al., 2012) ones. Eco-behavioural perspectives might allow more insights into the complex process of biological invasions. Here, we addressed the hypothesis that a successful crayfish invader is driven by its own bolder behaviour against shyness of the native resident. To test this, we used behaviour, morpho-mechanical and bioenergetic approaches.

Boldness, considered as the propensity of an animal to engage in risky activities (White et al., 2013), is giving the animals a presumed confidence against the unknown, associated with high diel activity and exploration initiatives (Chapple et al., 2012; Juette et al., 2014). The expression of boldness in agonistic confrontation is aggressivity and bite force superiority (Usio et al., 2001; De Meyer et al., 2019), and this behaviour was found associated with successful biological invasions (Ferrari et al., 2018). Analysing behavioural interactions between invasive and native residents may provide useful information for understanding the mechanisms behind the spreading success of invasives (Carere and Gherardi, 2013).

Relatively equal in body size (Richardson, 2019), the native narrow-clawed crayfish Pontastacus leptodactylus Eschscholtz 1823 and the invasive spiny-cheek crayfish Faxonius limosus (Rafinesque, 1817) are two crayfish species with a long interaction history in Europe (Holdich et al., 2009). The native species is a typical K-strategist, whereas the invasive crayfish shows characteristics of r-strategists, demonstrating plasticity and significant improvement of reproduction (i.e., increased fecundity) in the active front of invasion (Pârvulescu et al., 2015). Experimentally, it was demonstrated that the invasive species dominates the native one, even in highly imbalanced confrontations (e.g., smaller invasive vs. larger native specimens) for food and shelter (Lele and Pârvulescu, 2017). Crayfish chelae are used for gripping (Ion et al., 2020) and pinching (van der Meijden et al., 2010), or showing sheer superiority (Graham and Angilletta, 2020), hence are important in both intra- and interspecific interactions. Prolonged competition either drove the native species to local extinction or resource partitioning between species; recent investigations point to natural selection of heavier (i.e., stronger and combative) specimens in recovering populations after the invasion is established, compared to the non-invaded ones (Haubrock et al., 2019; Pacioglu et al., 2020).

In this study, we aimed to dig inside the bio-mechanical mechanisms behind a confrontation between two crayfish species, testing the hypothesis that more effective chela weapons came with increased boldness behaviour of the invasive species compared to a native one. The invasive F. limosus and the native P. leptodactylus were used as a models for multiple comparisons, including muscle metabolic capacity and fundamental for chelae function (Guderley and Couture, 2005).



MATERIALS AND METHODS


Study Specimens and Morphological Measurements

To avoid biases caused by any sexual influences during the experiment, this study involved intermolt adult males only, collected from the most recent known invasion front in the Lower Danube (near Orşova, Romania, GPS 44.689064°N/22.500242°E), where both investigated species have been coexisting for at least 5 years (Pârvulescu et al., 2015; Pacioglu et al., 2020). This study omitted those specimens injured or showing obvious discrepancies between the left and the right chelae.

The geometric dimensions of the specimens were then acquired using a digital calliper of 0.1-mm accuracy. A total of nine dimensions were measured for every individual: the total length of the crayfish [TL (mm)], chela length, thickness and width [CL, CT, and CW (mm)] for left and right cheliped and also the length of the movable finger (dactylus, DL). Using the three dimensions of the chela, its volume was computed (CV) as an approximated elliptical cylinder, were the ellipse semi-axes were the half of the chela length and height, while the height of the cylinder was the chela width.

After measurements, each specimens’ chelae were detached for further investigation. The muscle of the propodus was extracted and oven-dried for 48 h at 60°C to obtain the dry muscle mass [DMM (g)]. The chela (propodus and dactylus) cuticle was also collected and dried in the same setup, obtaining the dry cuticle, and dry dactylus mass [DCM and DDM (g)]. These variables were measured by using a precision balance (Kern & Sohn GmbH, Balingen, Germany) of 0.001-g accuracy.



Experimental Set-Up for Boldness Assessment

In total, 73 specimens of P. leptodactylus and 78 of F. limosus were involved in the experiments. Aiming to obtain best results on the assessment of boldness behaviour, we acclimated crayfish prior to the experiments in the experimental arena (20-L water tank), for each trial, with ad libitum food and shelter but lacking the ramp (described below). The arena was placed in a second (larger) tank (60 L) to retain the successfully escaped individuals. Both tanks were equipped with a submersed filtering pump for cleaning and oxygenating water. A ramp, facilitating the escape from the inside of the arena, was built from adherent (ceramic) material inclined at 30°, with a length of 45 cm, with half of this length being submersed and half dry, making the crossing conditions more difficult. Such an aerial ramp simulates an environment that is potentially risky, more prone to predatory attacks; hence, approaching and crossing it by the crayfish can be used as a measure of the individual’s boldness. For a better understanding of the experimental setup, we refer readers to a video sample in the Supplementary Material. This set-up was placed into the area on the third day of the settlement period, allowing the individuals to freely explore the ramp and opening the way to a new environment in the larger tank. The experiment started once the ramp was inserted and lasted 24 h for each trial and was video recorded. The ethogram for each specimen consisted of the binary variable (0/1) of successful attempts to escape (further referred to as “sa” variable) in both day, and night, and, if the case, the duration (s) of the sa (time completed ramp crossing, referred as “tcrs” variable). To avoid any bias in crayfish activity caused by temperature (Seebacher and Wilson, 2006; Zhao and Feng, 2015), we maintained the environmental temperature for all the experiments at ∼20°C.

To obtain the first insights into the differences between the two crayfish species’ behaviour, exploratory data analysis was performed. We investigated if there was a difference between the sa of the two species. Crayfish individuals that have completed the crossing action were selected and their tcrs were compared using the non-parametric Mann-Whitney U test. In the same respect, we tested if the TL of the analysed crayfish influenced the crossing success, using a logistic regression model.



Force Measurement Device and Procedure

Pinching force measurements were conducted in vivo using a 1,400 g/0.1 g loading cell custom-made for measuring the pressure exerted by the tip of the crayfish chela. The transducer was connected to an Arduino Uno board, and the data were acquired using a sampling frequency of 6 Hz. On the transducer, two rigid metallic levers were attached for providing pinching elements for the chelae. To convert the electrical parameter of the transducer (mV) in mechanical force (N), the device calibration was conducted using five different weights: 100, 250, 500, 750, and 1,000 g, reading the corresponding voltage values. For measurement consistency, the transducer’s levers were placed at the tips of the chelae of all individuals. Also, the longitudinal direction of the chela and the levers were always as collinear as possible. The time span of the measurement was an average of 60 s for each investigated chela (a.k.a. claw).

The same 151 (73 P. leptodactylus and 78 F. limosus) crayfish male specimens used for previous experiments were used. While measuring the force values, some crayfish demonstrated high activity, generating several pinching cycles in the recorded time interval. On the other hand, some individuals manifested less activity and, therefore, fewer pinching cycles or just one was acquired. To obtain a representative biomechanical behaviour for each individual, the cycles were isolated and processed (Figure 1).
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FIGURE 1. Pinching force cycles of two representative individuals of Pontastacus leptodactylus and Faxonius limosus.


Based on the pinching cycles, the absolute maximum force [Fmax (N)] was extracted for each crayfish of both species and used in raw data graphic representation. After extracting the pinching cycles from all active individuals, the force-time series were averaged for each single crayfish. Three parameters were directly extracted: average of maximum forces [FAv (N)], average contraction time [Ct (s)], and average releasing time [Rt (s)]. In addition, average loading velocity [LV (N/s)], average releasing velocity [RV (N/s)], and the energy of the pinching cycle [EN (N⋅s)] were computed. The LV represents the speed of the closing movement from zero force to maximum force and was computed as a numerical derivative of force in respect to time, using Eq. (1). A similar equation was used for computing RV, which represents the speed of releasing the grip from the maximum force value to zero or to an inflexion point from where the force increases again. The EN is an integrative parameter of force in respect to time and characterises the mechanical effort spent to complete a pinching cycle. It was computed by numerical integration using Eq. (2), were the two terms under the sum represent the area under the curve split in two elemental components of the area: a rectangle and a triangle. Here, Δt represents the time interval according to the sampling rate and Fi+1 and Fi represent consecutive values of instantaneous force.
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Relationship Between Chelae Forces and Body Properties

To obtain the relationship between the body properties and the forces that crayfish produce, various multiple linear regression architectures were tested. The data variables considered as a continuous model outcome were as follows: FAv, EN, LV, RV, Rt, and Ct, and the predictive variables were modelled in two groups: based on the body size (TL, CL, CT, CW, DL, and CV) and based on the chelae weight (DMM, DCM, and DDM). Because crayfish are ambidextrous in the usage of chelae (Lele and Pârvulescu, 2019), we chose to group the associated data to perform the statistical analyses.

Due to the large multicollinearity among the predictive variables, stepwise regression was performed to remove the redundant ones. The predictors that were found to be significant based on the 0.05 cut-off in the final models were interpreted as those that have an effect on the specific outcome. Finally, the t-test was applied to investigate the difference between the two species for the biometric variables that were significant in the stepwise regression model describing the chelae forces outcomes at least for one of the species.



Mitochondrial High-Resolution Respirometry (HRR) Analysis

Aerobic metabolic capacity was measured as oxygen consumption of isolated mitochondria in the two groups of crayfish, the native crayfish group (P. leptodactylus, N = 6) and the invasive crayfish group (F. limosus, N = 7). Mitochondria were isolated by differential centrifugation at 4°C, according to a previously described method (Liu et al., 2013). Briefly, 1.5–2.5 g of muscle collected from the crayfish chela was cut into small pieces and homogenised in 30 mL isolation buffer (320 mM Sucrose, 10 mM Tris, 10 mM EGTA, 0.5% BSA, pH 7.3), using a tissue homogeniser (Glas-Col 099C K5424 CE). Homogenisation was performed at minimal speed (two 40 s periods/1 min interval), and the tissue homogenate was further centrifuged (Rotina centrifuge 38R) for 10 min at 2,000 g; the supernatant was centrifuged for 10 min at 12,000 g. Finally, the resulting mitochondrial rich pellet was re-suspended in 0.25 mL of isolation buffer in a glass homogeniser, kept on ice and used within 4 h in respiratory rate measurements. The mitochondrial protein concentration was further evaluated according to the Biuret method (Gornall et al., 1949).

Oxygen consumption was measured at 37°C with the Oxygraph-2k (Oroboros Instruments, Austria). The mitochondria (0.1 mg protein/mL) were incubated in 2 mL of incubation medium containing 0.5 mM EGTA, 3 mM MgCl2.6H2O, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2P04, 20 mM HEPES, 110 mM sucrose, 1 g/L BSA, essentially fatty acid free + 280 U/mL catalase lyophilised powder, 2,000–5,000 units/mg protein (pH 7.1, 37°C). The Substrate-Uncoupler-Inhibitor Titration (SUIT) protocol adapted from Duicu et al. (2013) was as follows: chamber A: GMSTATE 2 + ADPOXPHOS + cyt c + OmySTATE 4 + FCCPUncoupled state + AmaROX and chamber B: S(Rot)STATE 2 + ADPOXPHOS + cyt c + OmySTATE 4 + FCCP Uncoupled state + AmaROX. The protocol consisted of the following steps and the corresponding respiratory states: (i) addition of 10 mM glutamate/G and 2 mM malate/M (CI substrates) and 10 mM succinate/S (CII substrate) + 0.5 μM rotenone/Rot (CI inhibitor): STATE 2 (i.e., basal respiration); (ii) addition of 5 mM ADP as a measure of the maximal oxidative phosphorylation capacity: OXPHOS capacity; (iii) addition of 10 μM cytochrome c/cyt c to assess the intactness of the outer mitochondrial membrane; (iv) inhibition of ATP synthase by oligomycin/Omy (2 μg/ml): STATE 4 (i.e., basal respiration); (v) FCCP titration (0.5 μM steps), to obtain the Uncoupled respiration, (vi) inhibition of respiration with 2.5 μM antimycin A/Ama (Residual OXygen consumption): ROX state.

For high-resolution respirometry (HRR) experiments, the independent two-side Mann-Whitney U test was applied. Significance was tested based on the 0.05 cut-off, i.e., if the p-value was less than 0.05, the null hypothesis of two groups being equal was rejected. Also, the means and standard deviations (mean ± SD) are reported.



RESULTS


Relationship Between Chelae Forces and Body Properties

After applying the stepwise regression for P. leptodactylus (Table 1), only TL had a significant influence on the FAv outcome. Regarding the outcome EN, no predictor was significant. The TL and CL were significant for the LV outcome. The same predictors, TL and CL, had a significant effect on the RV outcome. A significant relationship with the outcome Ct was found for CW. No significant relationships were found between chela weight and force variables (Table 2).


TABLE 1. Results of the stepwise regression on the body size variables.
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TABLE 2. Results of the stepwise regression on the chelae weight.

[image: Table 2]
The results for F. limosus (Tables 1, 2) obtained after stepwise regression indicate that CL CW, DMM, and DCM have a significant influence on the FAv outcome. For the EN, the same predictors were significant. The CW was significantly related to outcome LV. For the outcome RV, no predictor was significant, whereas for outcome Ct, the variables CL, DMM, and DCM were significant.

To understand the differences in the results obtained for the two investigated species, the body variables that were significant (TL, CL, CW, DMM, and DCM) for at least one of the force variables were compared using the two-sample t-test, as all of the variables are normally distributed. Testing the one-sided hypothesis that the mean values of P. leptodactylus are greater than those of F. limosus, the values for TL, CL, CW, DMM, and DCM were significant. To visualise those significant differences, we refer readers to Figures 2A–E.
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FIGURE 2. Boxplots showing the difference between P. leptodactylus and F. limosus for the statistically relevant variables: (A) total length (TL), (B) chela length (CL), (C) chela width (CW), (D) dry chela muscle mass (DMM), and (E) dry chela cuticle mass (DCM). Values represent means ± SD.




Boldness Assessment

Of all tested specimens, 5.8% of P. leptodactylus and 29.6% of F. limosus completely crossed the arena ramp. The Mann-Whitney U test was significant (P < 0.05) in the tcrs of the two species; F. limosus managed to cross the arena ramp much faster than P. leptodactylus. Analysis of the TL of the crayfish revealed no influence on the complete crossing success, with the logistic regression model (Table 3) showing no significant relationship between TL and the binary sa variable (0/1).


TABLE 3. Parameter estimates for logistic regression relationship models between crayfish total length (TL) and the binary successful attempts to escape (sa variable) to assess boldness behaviour.

[image: Table 3]The results differed significantly between day and night sa of the arena ramp for both species (P < 0.05), with successful crossing being encountered exclusively during the night in native species, whereas 7.9% of the successful crossings for the invasive species were recorded in daylight.



Force Assessment

Raw data analysis revealed that the invasive species F. limosus exhibited higher Fmax and FAv compared to P. leptodactylus, with some individuals producing more than double values (Figures 3A,B). The maximum limit of the force recorded for P. leptodactylus represented the lower limit for F. limosus. A body size in the range of 90 to 100 mm TL seemed to be suitable for the highest force development in F. limosus, while no force-length relation could be observed for P. leptodactylus. The LV, a measure of how quickly the maximum force is achieved, appeared to be similar for the two investigated species (Figure 3C); for a CV of around 2 cm3, the maximum LV was achieved in both crayfish species. The average RV (Figure 3D) showed a higher releasing rate for F. limosus, indicating that muscle relaxation occurs much faster for F. limosus. Most individuals of both species exhibited a releasing velocity of around 3 N/s. Larger Ct values could be observed for F. limosus (Figure 3E). Because no obvious difference in loading velocity was identified between the species, the larger Ct might be determined by the higher force values produced by F. limosus. The EN (Figure 3F) was also higher for F. limosus, a normal evolution of this parameter since the forces and contraction times were also larger. The faster releasing rate does, however, not compensate for the other two parameters. Higher mechanical energy was recorded in both species for smaller CV values.
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FIGURE 3. Raw data of force and biometrical parameters: (A) maximum pinching force (Fmax) vs. total length (TL), (B) average of maximum pinching forces (FAv) vs. chela volume (CV), (C) average loading velocity (LV) vs. CV, (D) average releasing velocity (RV) vs. CV, (E) contraction time (Ct) vs. CV, and (F) energy of the pinching cycle (EN) vs. CV.




HRR Assessment

The results of HRR measurements in the analysed groups are presented in Figure 4. To calculate the respiratory rates, we used the Oroboros software Datlab. Mitochondrial respiration was corrected for oxygen flux due to the instrumental background and ROX (Gnaiger, 2014).
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FIGURE 4. High-resolution respirometry data for CI-supported (A,C,E,G) and CII-supported (B,D,F,H) respiration in Pontastacus leptodactylus and Faxonius limosus. Values represent means ± SD.


Based on a previous study, STATE 2 (i.e., basal respiration corresponding to mitochondria oxidising substrates when the membrane is fully energised) is determined by the intrinsic proton conductivity of the inner membrane, which dissipates the ΔΨ (Harris and Das, 1991). In mitochondria respiring on glutamate + malate, we found a statistically significant increase in basal respiratory state in F. limosus vs. P. leptodactylus groups (Figure 4A): STATE 2 12.04 ± 2.8 vs. 5.8 ± 2.6 pmol.s–1.mL–1 (P < 0.05). Addition of ADP stimulates oxidative phosphorylation (OXPHOS capacity), which induces a drop in membrane potential and a subsequent increase in respiration (Harris and Das, 1991). In our results, OXPHOS was significantly lower in the F. limosus group energised with CI substrates (Figure 4C): 19.33 ± 4.8 vs. 34.6 ± 3.9 pmol.s–1.mL–1 (P < 0.05). Addition of FCCP, a protonophore, induces the inhibition of oxidative phosphorylation due to dissipation of the membrane potential, leading to the increase in respiration (i.e., phosphorylation and respiration become uncoupled) (Harris and Das, 1991). In mitochondria energised with glutamate + malate, the Uncoupled State (Figure 4E) was similar in F. limosus vs. P. leptodactylus groups: 58.1 ± 10.9 vs. 60.15 ± 6.2 pmol.s–1.mL–1 (P NS).

In the presence of CII-dependent substrate, we observed the same trend of mitochondrial respiratory rates in F. limosus vs. P. leptodactylus groups, albeit in a lesser (not significant) degree as compared to CI-supported respiration: STATE 2 (Figure 3B) 19 ± 7.1 vs. 10.5 ± 3.8 pmol.s–1.mL–1 (P NS), OXPHOS (Figure 4D) 23.9 ± 9.7 vs. 27.8 ± 9.1 pmol.s–1.mL–1 (P NS) and the Uncoupled State (Figure 4F) 51.7 ± 30.6 vs. 43.7 ± 16.9 pmol.s–1.mL–1 (P NS).

We further calculated the Respiratory Control Ratio (RCR) as the OXPHOS/State 2 ratio. Under both experimental conditions, RCR was significantly decreased (P < 0.05) in the F. limosus group (Figures 4G,H) as a direct reflection of the STATE 2 increase and the inhibition of ADP phosphorylation.



DISCUSSION


The Competitors’ Bio-Mechanical Performance

The invasive crayfish F. limosus was more confident than the native P. leptodactylus, taking more risks as demonstrated by our laboratory experiments. The native P. leptodactylus appeared to be more shy, probably explaining other findings such as its limited access to shelter and food resources (Lele and Pârvulescu, 2017; Pacioglu et al., 2020). The species F. limosus exhibited superior values of every parameter except those related to body size, emphasising the differences also observed from a biomechanical point of view. The average of maximum forces applied by F. limosus revealed pinching forces of 2.3 times higher than for P. leptodactylus. This advantage becomes even more relevant in the context of the total body length of individuals, which did not influence the mechanism of pinching force development. However, it may contribute to the body stability condition of the larger species during a fight (Zeil and Hemmi, 2006; Bywater et al., 2008; Malavé et al., 2018; Kuo et al., 2019).

Force production is a physiological attribute of the adductor muscle, which in turn is proportional to the chelae volume. On the other hand, force transmission depends on the length of the mobile dactylus of the chelae, and therefore, both aspects should be taken into account. The reaction force measured at the tip of the claw can be explained by the lever mechanism developed by the muscle force through the physiological distances, as depicted in Figure 5. The value of the reaction force at the tip of the claw is directly influenced by the muscular force value and its insertion point, while being negatively influenced by the length of the claw. This is caused by the effect or the moment of torque developed by the forces and physiological distances. Therefore, for a constant muscle force, as the claw became longer the reaction force will be smaller. This biomechanical behaviour may explain the smaller pinching forces of P. leptodactylus species, which possesses longer claws compared to F. limosus. This disadvantage is apparently neither compensated by the observed better muscular energetic efficiency in P. leptodactylus nor by the increased physiological distance between the fulcrum and the adductor insertion point.
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FIGURE 5. Mechanism of force production and transmission. The equation that governs the biomechanical equilibrium is [image: image] where Rp is the reaction force at the tip of the claw, FA is the adductor muscle force and d1 and d2 are the lever arms.


Investigations on pinching cycle energy revealed higher values for F. limosus, which leads us to infer that this crayfish species not only produces higher forces but is also capable of sustaining this force for an extended period of time compared to the native P. leptodactylus. The energy of the pinching cycle will create a significant advantage for the invasive in clash with the native species, since the application of a force for a longer time allows crack growth and propagation up to the fracture point in any biological (Egan et al., 2015) or non-living structures (Linul et al., 2020). The biomechanical parameters (biometrics and forces) make the invader prone to win most of the fights, as revealed in other studies regarding confrontations between these two species for food and shelter (Lele and Pârvulescu, 2017). The agonistic behaviour strategy of the invasive crayfish species appears to be based on physical superiority, whereas the native crayfish works on intimidation display.



The Competitors’ Chelae Muscular Performance

There is evidence that metabolic capacity changes with thermal acclimation in crayfish (Seebacher and Wilson, 2006), and this might counteract threats from invasive species. We found that RCR, an indicator of the efficacy of oxidative ATP production (Montaigne et al., 2011), was significantly higher in native crayfish, and mitochondrial respiration rates, using the physiologically relevant substrate mixtures (i.e., glutamate + malate), significantly differed between F. limosus and P. leptodactylus when compared to using succinate (+rotenone) as the substrate. Thereby, an important finding of our study is that mitochondrial respiration in crayfish chelae is substrate-dependent, with a preference for CI substrates.

Another finding in our experiments was that the STATE 2 respiration rate was increased in the F. limosus group under both experimental conditions (with a significant difference in CI-supported respiration, see Figure 4), indicating partial mitochondrial uncoupling; yet, mitochondrial uncoupling was not complete since mitochondrial respiration further increased after the addition of ADP (Figure 4). Mild uncoupling of mitochondrial respiration, leading to the decrease in membrane potential, could yet be beneficial since it prevents the excessive generation of reactive oxygen species (Skulachev, 1998).

Finally, a major indicator of mitochondrial function is RCR, which represents a measure of the efficiency of oxidative phosphorylation. Accordingly, another important finding of our study was that RCR in the F. limosus group was significantly lower in mitochondria energised with both substrate types. This result, together with the finding of OXPHOS inhibition, indicates that the chelae muscle mitochondria of this species use oxygen less efficiently compared to P. leptodactylus. Literature data suggest that dominance can modulate behavioural dynamics through a better synchronisation of biomechanical activities (Alcala et al., 2019).



Further Coexistence Scenario

Boldness is often related to intense activity and exploration and less neophobic behaviour (Chapple et al., 2012), with bolder individuals being more likely to be found in crowded environments (Evans et al., 2010), and often associated with invasive species ready to assume more risks (Hazlett et al., 2003; Pintor et al., 2008; Reisinger et al., 2017). Invasive crayfish encounter, along their paths, many different habitats, with changing environments and biological associations. Our data detected a bolder behaviour of invasives in novel environments over the native crayfish, supporting the findings that animals in prolonged highly changeable environments display less or no neophobia (Modlinska and Stryjek, 2016; Meuthen et al., 2019). Moreover, these results confirm a similar behaviour pattern of invasive species, such as cane toads, in introduced habitats (Candler and Bernal, 2014).

The fighting strategies (both inter- and intraspecific) of different species vary (Fořt et al., 2019), and although body size and chelae display are important in the initial assessment of the competitor, these are no longer good indicators of the outcome once the fight is initiated, as there is evidence that these are unreliable signals of actual chelae strength (Walter et al., 2011; Angilletta and Wilson, 2012). Consequently, species aggressivity (Fořt et al., 2019) or even sheer force, as measured for F. limosus in our study, influences the individual’s rank. Equally important, prior research substantiated the idea that social rank position and boldness level in animals are at least connected by the same influencing factors (Boogert et al., 2006; Mettler and Shivik, 2007). In our case, superior chela force seems determinant in dominance and, therefore, in bolder behaviour, both being advantageous for the invasive species.

The behavioural expression of boldness is influenced by various factors such as resource availability, predation-risk cues or even temperature (Hazlett et al., 2003; Seebacher and Wilson, 2006; Juette et al., 2014; Zhao and Feng, 2015; Reisinger et al., 2017). Studies primarily investigating the trophic position of these two crayfish species, in the same habitat of the Lower Danube, revealed that the invasive F. limosus outcompetes the native P. leptodactylus, pushing the latter to a lower position (Pacioglu et al., 2019, 2020). Still, in this context, recovering pockets (i.e., sub-populations) have been documented, where males of P. leptodactylus have a larger chelae size compared to those populations that did not encounter the pressure of invasive species competition (Pacioglu et al., 2020). The reduced genetic structure of these recovering populations (Pacioglu et al., 2020) led to the assumption of a kind of resettlement of both crayfish species’ competition over time, after invasion. Apparently, the native species selectively increased its weapon in size in the detriment of force (Seebacher and Wilson, 2006), whereas the invasive species may already have passed through the basic establishment period of a self-sustaining population in the invasion dynamics (Song et al., 2006; Blackburn et al., 2011; Hudina et al., 2015), documented as resulting in the increase of its biological (i.e., foraging and reproductive) conditions (Pârvulescu et al., 2015; Pacioglu et al., 2020). This would be an encouraging scenario for these two species to further reach a reasonable equilibrium of their coexistence.
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