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34 Abstract

35 Individual variation assessments are essential to better understand population and
36 community dynamics, and ecosystem functioning. Although researchers have long
37  recognized this aspect only recently has evidence accumulated about the ecological
38  importance of variation within species. The incorporation of individual variation provides
39 a more complete description of the effects a species may have on ecosystems and this
40  detailed ecological knowledge can be especially important in the context of biological
41 invasions. In this study, we used an invasion gradient of the signal crayfish Pacifastacus
42  leniusculus to assess possible intrapopulation differences in key biological traits and
43 evaluate possible changes in ecological impacts. For this, we collect individuals from the
44  core and front of an invasion gradient to characterize several biological traits such as
45  abundance, size, sex-ratio, physiological condition, personality, and trophic niche. In
46  addition, we perform two laboratory experiments to assess possible differences regarding
47  the consumption of prey, leaf mass loss, and nutrient cycling. Crayfish from the invasion
48  front are predominantly male and display lower abundance. However, they are larger,
49  exhibit superior physiological condition, demonstrate increased boldness and aggression,
50 and have elevated nitrogen values. In addition, crayfish from the front consume more prey
51  and more leafs and increase the concentration of nitrates and phosphates. Overall, the
52  signal crayfish has different biological traits and has distinct ecological impacts along the
53 invasion gradient. This study demonstrates the importance of assessing biological traits
54 and impacts of invasive species at the intrapopulation level. Such an approach could
55 improve and refine impact assessments with potential pay-offs in the development of

56  more effective conservation and management strategies.

57

58 Key words: biological traits; ecological impacts; invasive species; Pacifastacus

59 leniusculus; signal crayfish.
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63  Introduction

64 Humans are key drivers of global environmental change (Dirzo et al. 2014) and
65 anthropogenic activities have redistributed the world’s biota and mediated species
66  colonization of regions beyond their native range (Seebens et al. 2017; Pysek et al. 2020).
67  The consequences of these biological introductions are severe. Invasive species can
68  disturb ecological communities and alter ecosystem functions, drive population declines
69  and species extinctions, and continue to cost the global economy billions of euros every
70  year given their detrimental negative impacts on several key ecosystem services
71 (Ehrenfeld 2010; Strayer 2012; Simberloff et al. 2013; Diagne et al. 2021; Gallardo et al.
72 2024). Given the myriad of detrimental ecological and economic impacts attributed to
73 invasive species and limited possibilities for total eradication, it is not surprising that their
74  study is one of the most prominent areas of research in ecology (Lockwood et al. 2013).
75  Although all ecosystems are susceptible to introductions, freshwater ecosystems are
76 especially vulnerable (Strayer 2010). This situation presents a challenge for the
77  management and conservation of freshwater biodiversity because accelerated
78 introduction rates may have detrimental consequences, including the erosion of
79  biodiversity and as such, the disruption of key ecological processes and functions (Strayer
80  2010; Gallardo et al. 2016; Dudgeon, 2019).

81  Understanding the species-level traits associated with invasiveness has been a primary
82  focus of biological invasions, with attributes such as high dispersal rates, high fecundity,
83 and broad physiological tolerance among the key predictors of success (Pysek et al. 2020).
84  However, this may be an oversimplification (i.e. assessing the impacts, dispersal, or other
85  topics at the species level) because a species can be very invasive in one region while
86  simultaneously being almost innocuous a few kilometers away (Haubrock et al. 2024).
87  Moreover, a growing accumulation of evidence is showing that most of these impacts
88  happen at the population level, not only due to the environmental context or biotic
89  resistance of the invaded ecosystem (Blackburn et al. 2011), but also because intraspecific
90 variation is increasingly recognized as an important driver of invasion dynamics (Biro
91 and Stamps 2008; Haubrock et al. 2024). Individual variation in ecological assessments
92 is essential to understanding population and community dynamics, and ecosystem
93  functioning (Bolnick et al. 2011; Violle et al. 2012; Des Roches et al. 2018; Raffard et al.
94  2019). Although researchers have long recognized this aspect (e.g. Charles Darwin and

95  Russel Wallace use these intraspecific variations as the central foundation of the theory
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96  of evolution) only recently has evidence accumulated about the ecological importance of
97  variation within species (Post et al. 2008; Des Roches et al. 2018; Raffard et al. 2019).
98  This last aspect may be highly related to variation in biological traits (e.g. size, sex,
99  boldness, sociability, activity, aggression) and associated behavioural syndromes, i.e.
100  correlations between these traits (Chapple et al. 2012). For example, personality, defined
101 as individual differences in behaviours that are stable over time and context (Sih et al.
102 2004), can affect any stage of the invasion process (Juette et al. 2014). This is because
103 traits that maximize the probability of being introduced outside the native range may also
104  promote successful establishment and spread within the recipient ecosystem (Myles-
105  Gonzalez et al. 2015; but see Chapple et al. 2012). These biological traits are also likely
106  to influence interactions with native species and ecosystems and thus may play an
107  important role in determining the intensity of ecological impacts (Juette et al. 2014).
108  Despite the theoretical relevance, the fact is that very few studies have demonstrated that
109  biological traits may vary along the invasion gradient with possible consequences for the
110  generated ecological impacts (Cote et al. 2010). However, biological traits, such as sex,
111 body size or physiological condition, may act as important drivers on the spread dynamics
112 of invasive species (Phillips et al. 2006) and may be responsible for distinct ecological
113 impacts as shown by Fryxell et al. (2015) where the effects of an introduced freshwater
114  fish on zooplankton and phytoplankton abundance, as well as productivity, were found to
115  be influenced by variations in sex ratio and sexual dimorphism, triggering pelagic trophic
116  cascades. Finally, these biological traits and impacts may vary not only spatially but also
117  through time and this may differentially affect native communities over the years and
118  may even have evolutionary consequences for native biodiversity (Mathers et al. 2016;
119  Carvalho et al. 2022; Haubrock et al. 2024).
120  Therefore, it seems reasonable to assume that the incorporation of individual variation
121 provides a more real and complete description of the invaded population, community, and
122 ecosystem under study. Their downplay in empirical studies is probably related to the
123 increased complexity of the analyses and due to additional costs in laboratory and/or field
124  sampling (Toscano et al. 2016). Even so, some studies already demonstrate the
125  importance of these intraspecific peculiarities in biological invasions, being the cane toad
126  Rhinella marina invasion in Australia the iconic textbook example (Shine, 2010). In this
127  study, we use the recent invasion of the signal crayfish Pacifastacus leniusculus (Dana,
128  1852) in a Portuguese river to assess possible differences in biological traits and

129  ecological impacts at the intrapopulation level. Pacifastacus leniusculus is native to North
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130  America and was first introduced in Europe, primarily in Scandinavia, in the 1960s for
131  stocking purposes and replacement of the native crayfish species, which suffered great
132 declines due to the crayfish plague (Dunn 2012). Pacifastacus leniusculus is characterized
133 by high reproductive rates, fast-growing populations, wide environmental preferences,
134  and high dispersal abilities, making this species a very successful invader in Europe
135  (Dunn 2012). Pacifastacus leniusculus is an omnivorous species and displays generalist
136  and opportunistic feeding habits (Olsson et al. 2009). The feeding habits of P. leniusculus
137  may include plants and large quantities of detritus (e.g. leaf litter) but may also feed on
138  other animals such as benthic invertebrates, fishes, and even other crayfishes (Guan and
139  Wiles 1998; Henttonen and Huner 2017; Meira et al. 2019). The signal crayfish also
140  represent a food source for higher trophic levels such as birds, fishes, and mammals
141  (Britton et al. 2017). This species can also function as ecosystem engineers, altering
142 community structure, water quality, and nutrient dynamics (Carvalho et al. 2022).
143 Ultimately, the signal crayfish may play a crucial role in various ecosystems, holding a
144  central position in food webs, where it functions both as predator and prey, affecting
145  different trophic levels and being able to have top-down and bottom-up cascading effects
146  (Britton et al. 2017).

147  Given the high abundance and widespread distribution, the signal crayfish is responsible
148  for several ecological and economic impacts on invaded ecosystems, but these impacts
149  may be highly context-dependent even considering the same population. Therefore, the
150  main aim of this study was to assess possible intrapopulation differences in key biological
151 traits (abundance, size, sex-ratio, behavior, and trophic niche) and ecological impacts
152 (consumption of prey, leaf mass loss, and nutrient cycling) using the signal crayfish along
153  aninvasion gradient.

154

155  Material and Methods

156  Study Area

157  This study was carried out in the Rabacal River, at the Montesinho Natural Park and
158  adjacent downstream areas (Figure 1), located in NE Portugal. This river has a total length
159  of 88 km and its hydrological basin is subjected to a typically Mediterranean climate with
160  an Atlantic influence, characterized by high seasonal variability in terms of temperature

161  and precipitation (Oliveira et al. 2012). This variability in precipitation (between 1.000
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162  and 1.600 mm) is responsible for abrupt alterations in river flow, with maximum values
163  being registered during winter/early spring and minimum values in late summer/early
164  autumn (Sousa et al. 2018).

165  The low human density in the Montesinho Natural Park, as well as the land use mainly
166  related to forest and subsistence agricultural activities (Nogueira et al. 2021a), makes this
167  hydrological basin one of the less disturbed in Portugal, containing important habitats for
168 many endangered freshwater species such as the pearl mussel, Margaritifera
169  margaritifera, the dragonfly Macromia spendens, the Northern Iberian spined loach
170  Cobitis calderoni, the Iberian desman (Galemys pyrenaicus), among many others (Sousa
171 etal. 2015 and 2019). However, in the last 15 years, the populations of these threatened
172 species suffered a reduction in abundance due to the impacts of droughts, habitat loss and
173 fragmentation, and the introduction of invasive species, such as the signal crayfish (Sousa
174 et al. 2019 and 2020; Nogueira et al. 2021b; Lopes-Lima et al. 2023). In Portugal, the
175  signal crayfish was first detected in 1997 in the Macéas River (Bernardo et al. 2011;
176  Anastacio et al. 2019). In the next years, the species rapidly spread from the Macés River
177  toalmost the entire Sabor basin (Meira et al. 2019). In 2013 was for the first time detected
178 in the Rabacal and Tuela River basins (Sousa et al. 2015). In the Rabacal River, the
179  species has been monitored annually since 2017 to assess their spread and some basic
180  autecological features (Carvalho et al. accepted). This monitoring program allows us to
181  confidently establish the core and front of the invasion gradient in the present study
182  (Figure 1). It should be also noted, that besides the recent introduction of the signal
183  crayfish, there are no records of any native or non-native crayfish species in the studied
184  area (Sousa et al. 2019).

185
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190  Figure 1 Map of the Rabacal River with the location of both sites (core and front).

191
192  Environmental characterization

193  In both sites, temperature, conductivity, dissolved oxygen, and pH were measured using
194  an YSI EXO 2 multi-parameter probe in August 2023. Water samples were also collected
195  todetermine total suspended solids (TSS) as well as total organic suspended solids (OSS).
196  For this, water volumes of 1 L were filtered using GFC filters, which were dried at 60 °C
197  for 48 h and then heated in a muffle at 550 °C for 8 h. TSS and OSS were determined by
198  weight difference following Zieritz et al. (2018). These measurements and water samples
199  were made/collected in the middle of the river near to the bottom at the end of the

200  morning.

201  Sediment samples were also collected in each site near (2m) the left bank using a cylinder
202  with 10 cm of diameter. Granulometry and organic matter in the sediment of each site

203  were determined following Sousa et al. (2020). Both sites were also subjected to an in
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204  situ River Habitat Survey (RHS) to collect information related to the physical structure
205  of both sites, including the type of substrate in the channels, the complexity of the
206  structure of the vegetation on the banks, the type of aquatic vegetation, the characteristics
207  of the habitat and the type of artificial modification found in the channel and on the banks.
208  Forthis, the standard length of 500 metres of the river channel was used for data collection
209 at both sites following Raven et al. (1998). All this data was amassed in order to obtain
210 the Habitat Modification Score (HMS) and Habitat Quality Assessment (HQA) indices,

211 which are important for ascertaining the degree of disturbance in both sites
212

213  Biological traits at the intrapopulation level

214  To test possible intrapopulation differences in biological traits between individuals from
215  the core and the front of the invasion gradient in the Rabacal River, abundance, sex-ratio,
216  size, physiological condition, behaviour, and trophic niche were evaluated. At each site
217  (core and front), in August 2023, we selected a river stretch of 100m that comprises
218 habitats including pools, runs, and riffles. Crayfish were captured by placing, at each site,
219 8 funnel traps, specifically used for decapod crustaceans, all cylindrical (43 cm d, 22 cm
220 h; 1.5 cm mesh) and baited with fish remains, for 24 hours. The captured individuals were
221 counted, weighted, and measured from the rostrum tip to the telson rear edge (total
222 length), and sex was determined following Sousa et al. (2013). The abundance of the
223  signal crayfish per site was expressed as the total number of individuals per catch per unit
224  of effort (ind. CPUE/24 h). In addition, the physiological condition of organisms was
225  assessed using individuals randomly collected in the field with a total length between 8
226  and 11 cm in order to reduce possible bias. For this, Fulton’s condition factor was used,
227  and it was calculated with the equation K¢ = 100*W/L3, where W is the total weight of
228  signal crayfish and L is the total length.

229  Regarding behavior, four tests were conducted using unique sets of 16 randomly selected
230 individuals (8 females and 8 males) with a total length varying between 8 and 11cm from
231 Dboth the core and the front of the invasion gradient. These individuals were acclimated in
232 tanks without food for three days at a water temperature similar to field conditions (18°C).
233 The experimental assessments were performed in an environmentally controlled room set
234  at 18°C in atank with 46 x 63 x 32 cm (total volume of 60 L). The aims of the first and

235  second tests were to evaluate risk-taking behaviors associated with the presence of food
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236 and exploratory behaviors in novel environments, respectively. Before testing, crayfish
237  were allowed a 5-minute acclimatization period within a shelter. After this period, the
238  shelter’s lid was removed to initiate the test. Both tests measured the time taken to initiate
239  movement towards stimuli in seconds. In the first test, the time taken to exit the shelter
240  with afood source (cat food) positioned at the opposite end of the aquarium was recorded.
241  In the second test, a similarly arranged setup featured a container filled with stones and
242  shells to simulate a novel environment, and the time to exit the shelter was recorded in

243  seconds.

244 The third and fourth tests assessed aggression by comparing combat groups of individuals
245  from the core and the front of the invasion gradient: core female vs. front female, core
246 male vs. front male, core female vs. front male, and front female vs. core male. Individuals
247  of similar sizes were chosen for each combat. In the third test, crayfish were positioned
248  face to face for 15 minutes without any food present, while in the fourth test, food was
249  placed equidistantly. Each combat was conducted eight times with different individuals.
250 In the fourth test, the time each individual reached the food was recorded in seconds.
251  Subsequently, the winner of each encounter was determined based on dominance over
252 access to space and food, providing a measure of competitive aggression in scenarios with

253  and without immediate resource incentives.

254  To explore the trophic niche between the core and front of the invasion, a total of 15 males
255 and 15 females were randomly collected in both sites. The animals were measured (total
256  length varied between 6.5 and 10.5 cm in the core and between 7.0 and 11.8 cm in the
257  front) and immediately sacrificed by freezing and were kept at -20 °C until the day of
258 analysis. For stable isotope analysis, the animals were thawed; the abdominal muscle was
259  extracted, dried in an oven for 24 hours at 40°C, and then macerated using a ceramic
260  mortar. The elemental and isotopic composition analyses were conducted using a Thermo
261  Scientific Flash 2000 model Organic Elemental Analyzer (EA), which is linked to a Delta
262V Advantage Isotope Ratio Mass Spectrometer (IRMS) via Conflo IV. The §'°N and §'°C
263  values of the samples and standards underwent normalization with certified reference
264  materials for each element—IAEA-N-1, IAEA-N-2, and IAEA-NO3 for nitrogen, and
265 USGS-24 and USGS-40 for carbon, achieving an analytical error margin of about 0.1%o.
266  The isotopic composition of animal tissue samples was determined with precision, using
267 an internal standard of sea bass, which was read after every 12 analyses to ensure
268  analytical control. Corrections for the mass effect on the §*°N and §'3C values were made
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269  according to a calibration curve derived from the delta values of N and C, which in turn
270  were based on the peak amplitudes of various masses within the caffeine standard.
271 Furthermore, the elemental composition was ascertained utilizing the K factor of
272 Chlorella, with samples being analyzed in duplicates to maintain a coefficient of variation
273 below 10%.

274
275  Ecological effects at the intrapopulation level

276  Individuals of Physella acuta (Drapanaurd, 1805) were used to assess consumption rates
277  between crayfish individuals from the front and core of the invasion. The individuals of
278  P. acuta were captured using a hand net in the Fervenca River. We use this species since
279  itis non-native in the study region (in this way we reduce the possible ethical problems
280  as a result of such high mortality, see results) and because gastropod species are usually
281  a preferred food item for signal crayfish (Rosewarne et al. 2016). The collected animals
282  were rapidly transported to the laboratory and individuals were measured based on the
283  shell length (from the apex to the tip of the last whorl), in millimeters using a caliper
284  (following Spyra et al., 2019). The shell length varied between 6mm and 10mm, with an
285  average (+ SD) length of 6.97 (+ 1.12) mm. A total of 70 male signal crayfish captured
286 in the Rabacal River (core and front sites; Figure 1) were also used in this experiment.
287  The selected individuals had a size that varied between 7.5 cm and 9.5 cm, with an
288  average length (£SD) of 8.16 (£0.50) cm and 8.35 (x 0.53) cm for signal crayfish from
289  the core and front of the invasion, respectively.

290 A total of 7 treatments with different abundances (2; 4; 8; 16; 32; 64; and 128 snails) of
291  P. acuta were prepared. For each treatment, 5 replicates were used. Then, individuals of
292  P. acuta were introduced into aquariums with no sediment, each one filled with 10 liters
293  of water and properly aerated. Subsequently, 1 signal crayfish individual was introduced
294  peraquarium. The signal crayfish individuals remained inside the aquariums for 24 hours
295 at a room temperature of 18°C, and at the end of this period, the number of P. acuta
296 individuals consumed were determined. The control treatment consisted of aquariums

297  with P. acuta using the same abundances as described above but without adding crayfish.

298  Another laboratory experiment was conducted to assess possible differences in leaf mass
299  loss. A total of 18 aquariums were prepared to replicate the most natural environment

300 possible for the crayfish, so that their behavior was changed as little as possible. To this
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301 end, they were placed in a room with a temperature of 18°C with an aerification system
302 and, in each aquarium, stones were placed to provide a hiding refugee for the crayfish. A
303 total of 3 different treatments were considered: 6 aquariums act as a control, where no
304 crayfish was placed; 6 represent the core of the invasion; and the other 6 represent the
305 front of the invasion. A total of 20 liters of water were added to each aquarium. After 24h
306  of aerification of the aquariums, the crayfish were placed in the aquariums and left 24h
307  without food. We only used male crayfish of approximately the same size (size of 7.81
308 (x 0.52) cm and 8.05 (£ 0.62) cm in the core and front treatments, respectively).
309  Simultaneously to this preparation of the aquariums, bags with 4g of dry alder leaves
310  Alnus lusitanica (Vit et al., 2017) were arranged. In addition, small bags were previously
311  placed in the Rabagal River for one week for the leaves to be colonized by
312  microorganisms (fungi and bacteria). These small bags were then placed next to the 4g
313  food bags for 24 hours. After these 24 hours, the leaves were removed from the bags and
314  placed in the aquariums for a period of 17 days. At the end of this period, the remaining
315 leaves were collected with the aid of a 500 pm sieve and then placed in an oven at 60°C
316 for 48h. Finally, the leaves were weighed and the difference between the initial weight
317  (4g) and the final weight for each aquarium was calculated and then converted into a
318  percentage of leaf mass loss. At the end of the experiment, two water samples of 50ml
319  from each aquarium were collected to assess and compare the nutrient levels (ammonia,
320 nitrite, nitrate, and phosphate) between the control, front, and core treatments. For each
321 nutrient, specific protocols were followed, utilizing colorimetric methods (for details see

322 Grasshoff et al., 1999). The readings were taken on a spectrophotometer.

323

324  Data analysis
325

326 Abundance variation between the core and the front of the invasion was analyzed by non-
327  parametric Kruskal-Wallis’s tests, since the statistical models used do not meet
328  homoscedasticity and/or normality assumptions, even after being transformed. Variations
329 in size and physiological condition between the core and the front of the invasion were
330 compared by parametric one-way ANOVASs. This type of analyses were also used to
331 compare leaf litter decomposition and nutrients between treatments in the laboratorial
332 experiment. ANOVAs were preceded by Shapiro-Wilk to check the normality of the

333  residuals and the Bartlett test to check for homoscedasticity, or normality was assumed if
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334  the number of observations satisfied the assumptions of the central limit theorem (Zar
335  1999). Chi-squared analysis was used to calculate the significance level of sex-ratio for
336 core and front treatments. Two-way ANOVA was performed to evaluate gastropod
337  consumption between the core and the front of the invasion in the different abundance
338 levels. The investigation into the ecological niches of the front and core signal crayfish
339 individuals employed the SIBER method (Stable Isotope Bayesian Ellipses in R), as
340 introduced by Jackson (2011). This method entails the computation of ellipse areas,
341 refined by SEAC adjustments and extended through Bayesian modeling to generate the
342 SEAb (Bayesian Standard Ellipse Area). Such a model is crucial for intergroup
343  comparisons. The application of SEAb serves as a gauge for the relative scope of
344  ecological niches within groups, inferred from the dimensions of the modeled ellipses and
345 their predicted posterior distributions. Groups with corresponding SEADb figures indicate
346 a parallel in the width of their isotopic niches, implying a similar range in their dietary
347  choices.

348  All of these statistical analyses were carried out using the software Rstudio Team (2022),
349  using packages “SIBER” “ggplot2”, “cowplot”, “pgirmess”, “phia” and “multcomp”.
350

351 Results

352  Environmental characterization

353 The sampled sites are distanced by 15 km and have very similar climate and
354  environmental conditions (Table S1). Both sites are subjected to a very low human
355  disturbance and the RHS survey gives very similar results for both sites (Table S1).
356  Consequently, we assume that possible differences in biological traits and ecological
357  impacts (see below) are not related to possible distinct environmental conditions between

358  core and front sampling sites.

359
360

361
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362  Biological traits at the intrapopulation level

363  Significant differences in abundance were found between the two sites (Kruskal-Wallis
364  test, y2 = 8.1483, p=0.00431), with the core of the invasion showing higher abundance
365 (17.25 £ 13.38 CPUE) when compared to the front of the invasion (4.38 £ 4.47 CPUE)
366  (Figure 2A).

367  When comparing the size between the core and the front of the invasion, it was also noted
368  significant differences between the two sites (One-way ANOVA, F=131.9, p<0.001).
369  Signal crayfish individuals in the front of the invasion were larger than in the core (Figure
370  2B) with an average length (+ SD) value of 9.63 (£ 0.92) cm and 8.11 (x 0.63) cm,

371 respectively.

372 The analysis of sex-ratio revealed that there is a significant difference between the
373  percentage of females and males in the core of the invasion (¥2=24.377, p<0.001).
374  Females represent 71% of the signal crayfish individuals at the core while males represent
375  29% (Figure 2C). On the front of the invasion, there is no difference between the
376  percentage of females and males (y2=0.714, p=0.398). Females represent 42.9% while
377  males represent 57.1% (Figure 2C).

378  When assessing the signal crayfish physiological condition using the Fulton’s Condition
379  Index, it was possible to observe a significant difference between individuals from the
380 core and front of the invasion (One-way ANOVA, p=0.00909), with individuals from the
381  front presenting higher values (Figure 2D).

382
383
384
385

386
387
388
389
390
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392 Figure 2 Abundance (A), length (B), percentage of males and females (C), and Fulton’s condition index
393 (D) for signal crayfish (Pacifastacus leniusculus) in the core and front of the invasion gradient. Boxplots
394 show median values (central line), the range from the 25th to 75th percentile (box), and the largest and
395 lowest value within 1.5 times interquartile range below and above the 25th and 75th percentile (whiskers),

396  and dots represent extreme values.
397
398 Behavioral tests (Figure 3) reveal the dominance of the front group concerning

399  exploratory behavior and aggressiveness. Regarding the food risk-taking test (Figure 3A),

400 significant differences between groups were detected, with individuals from the front
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401  exiting the shelter significantly faster (t = 3.29; df = 25.64; p-value = 0.003). Conversely,
402  no significant difference was observed between males and females (t = -0.54; df = 26.75;
403 p-value = 0.59). Concerning the exploration behavior (Figure 3B), no significant
404  differences between groups were detected for the time individuals take to exit the shelter
405  (t = 1.58; df = 27.87; p-value = 0.13). However, significant differences were observed
406  between sexes, with males exiting the shelter faster than females (t = 3.19; df = 27.94; p-
407  value < 0.01). A significant difference was noted between Front Female and Core Male
408  (chi-square test, p-value = 0.01), highlighting notable variance in competitive behavior
409  concerning resource acquisition (Figure 3C). Significant differences were also observed
410  in the outcomes of combats between Front Male and Core Male (chi-square test, p-value
411 < 0.01), as well as Front Female and Core Female (chi-square test, p-value = 0.03),
412  indicating spatial dominance by the individuals from the front of the invasion gradient

413 (Figure 3 D).

414

415

416

417

418

419

420

421
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423 Figure 3 Behavioral tests among groups (core and front) of signal crayfish (Pacifastacus leniusculus): A)
424 Risk-taking with food; B) Exploration behavior; C) First to reach food; and D) Competition for space.

425  Abbreviations: Ff (Female Front), Mf (Male Front), Fc (Female Core), Mc (Male Core).
426

427  For the stable isotope values, the ANOVA test results indicate a significant difference
428  between the core and front groups (F, ss) = 11.27, p = 0.001). The Tukey HSD posthoc
429  test further confirms this, showing that the mean value for the core is significantly lower
430 than that for the front group (95% CI: -0.58 to -0.15, p = 0.001). The SIBER results
431 highlight a separation between the isotopic niches at the invasion core and front (Figure
432 4A). The isotopic niche overlap between males from the core and the front was notably
433 small at 0.03%02, equating to 2% of the area. For females, the overlap was even less, at
434 0.005%0° (0.3% of the area). When considering overlaps within the same group, at the
435  front, the overlap was significant for both carbon and nitrogen isotopes, at 0.68%o?,
436 making up 54% of the cumulative area, while at the core, a moderate male-female overlap
437 was 0.30%02, or 36% of the area. The areas of the standard ellipses, which correspond to
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438  each group, varied, with ranges from 1.25%0% to 0.68%0° for females and males at the

439  front, respectively, and from 0.50%o to 0.66%o? for females and males at the core (Figure

440  4B).
441
A)
Group
o Female
Male
— Female
= J
8 Male
&
"o
community
8.0 1
Core
Front
751 T T T T
25 -24 -23 22
O (%o)
B)

Standard Ellipse Area (%o?)
Y
|

442

443 Figure 4 Isotopic niche (A) widths for adult signal crayfish muscle tissue from the core (blue) and front
444 (red) individuals, with their sample-size corrected standard ellipses (SEAc). Standard ellipse areas (SEAb)
445 (B) for the core: female (Fc) and male (Mc); and front: female (Ff) and male (Mf). The boxes represent the
446 95, 75, and 50% credible intervals, with the mode indicated by the black circles. The maximum likelihood

447 estimate for the corresponding SEAC is indicated by the red circle.
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448  Ecological impacts at the intrapopulation level

449  Any gastropod was found dead in the control treatment (data not shown). When analysing
450  P.leniusculus gastropod consumption, it was verified that there is a significant interaction
451  between abundance level and the type of treatment (F=8.5143, p<0.001), which means
452  that their effects are not independent. Because of this, the simple main effects of
453  treatments at each abundance level were scrutinized. In mesocosms with 2, 4, 8, 16, and
454 32 P.acuta individuals, practically all of them were consumed by the signal crayfish from
455  both the core and front of the invasion (Figure 5A). Statistical analysis shows that there
456  are no significant differences between core and front for these levels of abundance (Table
457  S2). However, for abundance levels of 64 and 128, there was a significant difference
458  between the core and the front of the invasion (x>=18.1458, p<0.001; ¥?=52.7391,
459  p<0.001, respectively) (Table S2). For these two levels, signal crayfish individuals from
460 the front consumed more gastropods than signal crayfish individuals from the core

461  (Figure 3A).

462  Significant differences in the percentage of leaf mass loss were also detected (One-way
463  ANOVA, F=70.3, p<0.001), presenting the front treatment with the highest values,
464  followed by the core treatment (Figure 5B). Both front and core were significantly
465  different from the control treatment (Tukey post hoc test, p<0.001 and p=0.00157,
466  respectively). Tukey post hoc test also showed that there is a significant difference in the

467  percentage of leaf mass loss between the front and the core treatments (p<0.001).

468
469
470
471
472
473

474
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476 Figure 5 Number of gastropods consumed by the signal crayfish (Pacifastacus leniusculus) in each
477 abundance level for core and front treatments (A) and leaf mass loss (%) for control, core and front
478  treatments (B). In A the largest dots represent the mean deaths in each abundance level for core (in red) and
479 front (in blue) treatments. Smaller red dots represent the number of consumed gastropods at core treatment
480 in each abundance level replicates and smaller blue dots represent the number of consumed gastropods at
481 front treatment in each abundance level replicates. In B, boxplots show median values (central line), the
482 range from the 25th to 75th percentile (box), and the largest and lowest value within 1.5 times interquartile

483  range below and above the 25th and 75th percentile (whiskers).

484

485  No significant differences were found between the three treatments considering the nitrite
486  concentrations (One-way ANOVA, p>0.05) (Table S3), although the front treatment
487  presented higher values (Figure 6A). Significant differences were detected for nitrate
488  between the three treatments (One-way ANOVA, p=0.0228) (Table S3), with the front
489  presenting higher values (Figure 6B). These significant differences were detected
490  between front and control treatments (Tukey post hoc test, p=0.0482) (Table S4) and
491  between core and front treatments (Tukey post hoc test, p=0.0336) (Table S4). Ammonia
492  concentration showed no significant differences between treatments (One-way ANOVA,
493  p>0.05) (Table S3; Figure 6C). Significant differences between treatments were detected
494  for phosphate (One-way ANOVA, p=0.0041) (Table S3), with higher values in the front
495  treatment (Figure 6D). The comparison between front and control treatments revealed

496  these differences (Tukey post hoc test, p=0.00222) (Table S4), and an almost significant
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497  difference was noted between the core and front treatments (Tukey post hoc test,
498  p=0.06938) (Table S4).
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501 Figure 6 Concentration (mg/L) of nitrite (A), nitrate (B), ammonia (C) and phosphate (D) in control, core
502 and front treatments. Boxplots show median values (central line), the range from the 25th to 75th percentile
503 (box), and the largest and lowest value within 1.5 times interquartile range below and above the 25th and
504 75th percentile (whiskers), and dots represent extreme values.

505

506 Discussion

507 Natural populations consist of phenotypically diverse individuals who exhibit variation
508 in their biological traits (Bolnick et al. 2011). However, these differences are usually

509 neglected in biological invasion studies and most work is devoted to assess ecological
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510 impacts at the species level (Haubrock et al. 2024). In this study, we highlight that several
511  biological traits and ecological impacts may vary along an invasion gradient with clear
512  differences established at the intrapopulation level. In the particular case of the signal
513  crayfish in the Rabacal River, we clearly establish that abundance was higher in the core;
514 larger individuals and a higher physiological condition were detected in the front of the
515 invasion and females were dominant in the core but males were dominant in the front.
516  Regarding behaviour, we demonstrated that the animals in the front are more aggressive,
517  bold, and active. In the same vein, individuals from the core and front present a clear
518 distinct trophic niche, with individuals from the front presenting higher nitrogen values.
519  These differences in biological traits are consistent with distinct ecological impacts, with
520 higher consumption of prey, leaf mass loss, and excretion of nutrients in individuals from

521 the front of the invasion gradient.

522

523  Biological traits at the intra-population level

524  Biological traits were distinct along the invasion gradient. Abundance was lower in the
525  front of the invasion compared to the core and signal crayfish individuals were larger at
526  the front of the invasion. On a simplistic level, it is obvious that in the newly invaded
527  sites, there will be lower abundance, given that signal crayfish individuals are still arriving
528 at the front of the invasion. Similar differences in abundance were also reported in many
529  other animal invasions (see Wolf and Weissing 2012; Raffard et al. 2022). Differences in
530 size could be explained by the fact that larger individuals can move faster and thus, are
531 the ones who lead the invasion. Similar findings regarding the influence of size in
532  dispersal were recorded in a study with cane toads, Bufo marinus, in Australia, where
533  toads with longer legs were the faster ones and the first to reach new sites and so doing
534 lead the invasion front (Phillips et al. 2006). Another factor possibly contributing to the
535 differences in size between the front and the core is the possible low level of recruitment
536 inthe front of the invasion given the low abundance of crayfish in this site. This may also

537  contribute to a higher average size in the front.
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538  Differences in sex ratio were also detected between the core and front of the invasion. At
539 the core, the percentage of females was significantly higher than males but at the front,
540 the percentage of males was higher than females (although not significant). Higher male
541  percentage in the front of the invasion were also reported for round goby (Neogobius
542  melanostomus) in Canada (Gutowski and Fox 2011), or for other signal crayfish
543  populations in Europe (Capurro et al. 2007, Wutz and Geist 2013), and those results,
544  according to the authors, were related to recent, not fully established invasive populations.
545  The sex ratio is important since it may interfere with some ecological roles. For example,
546  female-biased populations of western mosquitofish Gambusia affinis, are able to induce
547  stronger pelagic trophic cascades compared with male-biased populations, causing larger
548  impacts on communities and ecosystems (Fryxell et al. 2015). Other studies with the
549 invasive freshwater crayfish Procambarus clarkii also showed that space is used
550 differently by both sexes being females more nomads (Barbaresi et al. 2004). The higher
551  percentage of females in the core of the invasion might also be related to a higher number
552  of encounters and fights among males as a result of higher crayfish abundance and a
553  consequent decrease in available space and resources (Sousa et al. 2013). This might
554  result in the death of some male individuals or the exclusion of the weakest in sites with
555 higher abundance. In alternative, it can be related to bolder male crayfish individuals that
556  will be more prone to explore downstream areas (Raffard et al. 2022).

557 It was also possible to observe that signal crayfish individuals in the front of the invasion
558 had a higher physiological condition when compared with the individuals in the core.
559  This may be related to the fact that there may be less competition for resources at the
560  front, which allows these individuals to have easier access to food (see below further
561 discussion on trophic niche) and refugees and in doing so they increase their fitness.
562  Although not studied, another explanation for these results may be related to a lower level
563  of parasitism in the front when compared to the core. Studies with cane toads in Australia
564  showed that pathogens and parasites lag about 2 years behind the front of toad invasion,
565 due to stochastic events that lead to local extinctions or transmission failure of the
566  pathogens/parasites in the front of the invasion (Phillips et al. 2010; Brown et al. 2013).

567  However, this last aspect was not assessed and future studies should explore this topic.

568  Several organisms rapidly change their behavioural traits to expand their distribution area
569 and be able to make decisions that involve risks (Yagound et al. 2022) due to the new

570 challenges imposed by the environment and the pressures arising from their expansion
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571  (Biro and Stamps 2008). What we observe in this study is a behaviour change in
572 geographical terms, with the animals at the front being more exploratory and willing to
573  take risks than those at the core of the invasion (Gruber et al. 2018). The results of the
574  behavioural tests showed that the individuals at the front of the invasion are more
575  aggressive, dominate for space, and reach food more quickly. In earlier studies by Groen
576 etal. (2012) and Myles-Gonzalez et al. (2015), authors observed that the individuals at
577  the front took more risks and moved faster, as occurred in our trials of risk-taking for
578  food, with individuals from the front first reaching the food and winning for space.
579  Several studies have also concluded that individuals at the front of the invasion tend to
580  be more exploratory than those at the core (Liebl and Martin 2012 and 2014; Atwell et al.
581  2012), but our results were different. We observed that for Pacifastacus leniusculus,
582 females are more exploratory but there were no significant differences between
583 individuals at the front and core of the invasion. This divergence between studies may
584  have been due to the dominance of females over males, as has already been documented
585  for this species (Peeke et al. 1995). For example, in the study by Atkinson et al. (2023),

586  they concluded that sex has a strong effect on exploration behaviour.

587 Inaddition to differences in several biological traits as discussed above, we also observed
588  higher nitrogen values (5°N) in signal crayfish individuals from the front compared to
589 individuals from the core. Earlier results from Olsson et al. (2009) reveal that signal
590 crayfish exhibit a significantly broader niche width compared to native noble crayfish
591  (Astacus astacus), demonstrating greater plasticity in habitat use and feeding strategies,
592  which could explain their successful invasion and the observed differences in trophic
593 levels and aggressive behavior. These findings contrast with other studies on invasive
594  crayfish species, such as the rusty crayfish (Faxonius rusticus), where individuals at the
595 invasion front displayed less competitive morphologies and occupied lower trophic levels
596 (Messager and Olden 2019). The increased aggression and higher nitrogen levels
597  observed in signal crayfish at the front could suggest a different adaptive strategy
598  compared to rusty crayfish. In addition, the elevated nitrogen values observed in signal
599  crayfish at the invasion front suggest a dietary shift towards a higher reliance on higher
600 trophic-level prey. This shift in diet is likely an adaptive response to the specific
601 ecological conditions present at the invasion front, where competition for resources is
602  presumably less intense compared to the core areas, where crayfish abundance is

603  significantly higher (see also Hudina et al. 2017). Although direct sources of dietary
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604  information were not collected in this study, it is plausible that crayfish in core areas
605  consume more submerged vegetation and detritus. Notably, female crayfish in the core
606  areas exhibited a smaller niche area, suggesting that the heightened competition for
607  limited food resources compels them to consume a lower range of dietary items at lower
608  trophic levels. In contrast, crayfish at the invasion front may have greater access to
609 invertebrates and other higher trophic-level prey, which are readily available in the initial
610 phase following their arrival. The relatively low abundance of crayfish at the invasion
611  front likely reduces competition, facilitating this opportunistic feeding behavior (Bubb et
612  al. 2004; Greenhalgh et al. 2022). Increased aggression among crayfish at the invasion
613  front could further enhance their ability to exploit these available resources, thereby
614  providing a competitive advantage in newly invaded territories.

615

616  Ecological impacts at the intrapopulation level

617  Inaddition to biological traits, this study highlighted that the ecological impacts may vary
618  along the invasion gradient with clear differences established at the intrapopulation level.
619 In the particular case of the signal crayfish in the Rabacal River, the consumption of
620  gastropods, leaf mass loss, and the concentration of nitrates and phosphates were
621  significantly higher at the front of the invasion.

622  Dispersal is one fundamental ecological process where these intraspecific variations,
623  particularly the personality traits (e.g. activity, boldness, aggression, and exploration)
624  may play a crucial role (Daniels and Kemp 2022). Personality traits are often correlated
625  with dispersal and this correlation is also known as a dispersal syndrome (Biro and
626  Stamps 2008; Galib et al. 2022; Raffard et al. 2022). These dispersal syndromes have
627  been reported in a wide range of taxa such as great tits, Parus major (Dingemanse et al.
628  2003); common lizards, Lacerta vivipara (Cote and Clobert 2007); North American red
629  squirrels, Tamiasciurus hudsonicus (Cooper et al. 2017); mud crabs, Panopeus herbstii
630 (Belgrad and Griffen 2018), among others. Activity, boldness, and exploration traits are
631  often linked with better fitness, which makes that individuals who have these enhanced
632 traits are expected to disperse further (Juette et al. 2014; Galib et al. 2022), and so doing
633 they lead the invasion front. Some of these personality traits have previously been
634  observed in the signal crayfish (Galib et al. 2022), and our results (see above) showed
635  that signal crayfish individuals in the front of the invasion were more active, aggressive

636 and bolder than individuals in the core.
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637  Since individuals with this type of behaviour are more prone to disperse, this movement
638  can be associated with higher metabolic rates. To counterbalance energy expenditure,
639  metabolism can induce higher consumption rates (Raffard et al. 2022). This could be the
640  main reason explaining our results regarding gastropod consumption, where we see no
641  differences between core and front individuals in the low abundance treatments but in the
642  high abundance treatments, we observe a much higher consumption in the crayfish from
643  the front. This situation may demonstrate a higher voracity of crayfish from the front as
644  aresult of their higher metabolism (Raffard et al. 2022).

645  This study also made it possible to verify that the signal crayfish interferes in key
646  ecosystem processes, as is the case of leaf litter processing and nutrient cycling. Here, it
647 was possible to observe that signal crayfish had an impressive effect in leaf litter
648  processing. Similar results have been reported for other invasive species, for example, the
649  red swamp crayfish, Procambarus clarkii (Carvalho et al. 2016 and 2018). Since leaf
650 litter processing is driven by a group of animals that control the flux of carbon and energy
651  in aquatic food webs (Carvalho et al. 2018), fundamental processes like nutrient cycling
652  and organic matter turnover (Jackson et al. 2014), could be affected by the invasion of
653 signal crayfish, even at the intrapopulation level. In addition, higher nutrient
654  concentrations were also found at the front corroborating an earlier study by Villéger et
655 al. (2012) where Salmo trutta individuals that were capable of dispersing further were the

656  ones that displayed a higher excretion rate of nitrogen and phosphorus.

657  Overall, we found a higher consumption of gastropods and leaf litter, and a higher
658  concentration of nutrients, namely nitrates and phosphates, in the front of the invasion,
659  where the bigger and most aggressive, active, and bolder individuals, supposedly with
660 higher metabolic rates, were present. Therefore, these intrapopulation interactions can
661  cascade to the population and community levels due to a different consumption of certain
662  preys or leaf litter and being also responsible for nutrient-mediated effects, modifying
663  nutrient influx at the ecosystem level. However, and as clearly demonstrated here,
664 although the per capita consumption of prey and excretion rates were significantly
665 different between the core and front of the invasion it should be noted that the abundance
666 in the two sites are quite distinct, being much higher in the core.

667  Results were clear demonstrating significant differences at the intrapopulation level but
668  some questions still remain unanswered and open the door for future studies. For example,

669 it would be interesting to assess the metabolic rates in individuals from the core and front
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670  of the invasion as the possible key mechanism explaining the different consumption rates
671  and nutrient concentrations reported here. In the same vein, biological traits can also be
672  related to the expression of specific genes (Yagound et al. 2022) and future studies should
673 include transcriptomics in order to understand if genes related to phenotypic traits like
674  aggressiveness and boldness are being expressed in different ways in individuals in the
675  core and front of the invasion gradient. Finally, and because animals in the front of the
676  invasion may left behind their enemies, it would be interesting to assess the level of
677  parasitism in the core and front of the invasion gradient and their possible contribution to
678 the distinct ecological impacts (i.e., animals in the front consume more and excrete more
679  giver their lower parasite load).

680

681  Conclusion

682 In this study, we clearly showed distinct biological traits and ecological impacts along an
683  invasion gradient of one of the most introduced freshwater organisms in Europe, the
684  signal crayfish, Pacifastacus leniusculus. These findings are in agreement with recent
685  studies showing substantial variability in dispersal and abundance trends in freshwater
686  invasive macroinvertebrates, indicating that levels of invasiveness and impacts may differ
687  markedly between populations (Haubrock et al. 2024). Our study, even introduced
688  another layer of variability, since we were able to demonstrate clear differences at the
689 intrapopulation level. Therefore, and recognizing that individual variation has important
690 ecological and evolutionary consequences, the assessment of biological traits at the
691 intrapopulation level may help better predict the success of dispersal and the ecological
692  impacts generated by invasive species, with eventual pay-offs in the implementation of
693  meaningful management strategies. Currently, theoretical and empirical studies in
694  biological invasions focus mainly on the species level (e.g. compilation of black lists),
695  especially those that have high ecological and economic impacts. However, as shown
696  here, biological traits and ecological impacts can be very different at the intrapopulation
697 level and for this reason, researchers and stakeholders should not perpetuate the
698  misconception that all individuals behave in a consistent and uniform manner along an
699  invasion gradient.

700
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