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1  | INTRODUC TION

Non-native fishes have the capacity to cause substantial ecological con-
sequences in receiving ecosystems through the detrimental impacts of 
increased predation and inter-specific competition that can lead to food 
web alterations and shifts in ecosystem functioning (Cucherousset & 
Olden,  2011; Gozlan et  al.,  2010). The risk-based management of 
non-native fishes is reliant on understanding the ability of that spe-
cies to establish, impact and disperse in the spatial area in question, 
i.e. its potential to be invasive (Britton & Orsi, 2012). Fundamental to 
this are analyses of the life-history traits of the species, as these tend 
to be strong predictors of establishment success (Olden et al., 2006; 

Vila-Gispert et al., 2005). High plasticity in the expression of these life 
history traits is particularly advantageous to introduced species as it 
enables greater adaptive responses to novel environments (Davies & 
Britton, 2015a), with this evident in successful invasive fish, including 
pumpkinseed Lepomis gibbosus (Záhorská et al., 2017) and round goby 
Neogobius melanastomus (Ľavrinčíková et  al.,  2005). Consequently, 
examining spatial and temporal patterns in the life-history traits of 
introduced fishes can improve understanding of why some species 
establish and become highly invasive whilst others are unsuccessful 
(Cucherousset et al., 2009; Gozlan, Britton, et al., 2010).

Studies on the life history traits of non-native and invasive fishes 
provide data suitable for analysing how aspects of their ecology vary 
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Abstract
Life history plasticity can be a strong predictor of the establishment and invasion suc-
cess of introduced fishes. Here, the life-history traits of four P. parva populations in 
adjacent ponds in Southern England were measured throughout 2013 to determine 
the timing and length of their reproductive season and the extent of trait plastic-
ity. The relative abundance of the populations (as catch per unit effort) was similar, 
with low variability in their traits relating to reproductive effort and somatic growth. 
All the populations were male dominated. Both sexes matured at small body sizes, 
with fish as small as 30 mm being mature in both sexes, with the age at maturity for 
both sexes being age 1+ years. The peak spawning period, characterised by female 
fish investing heavily in reproduction when their gonado-somatic index (GSI) values 
were highest and declined thereafter, occurred in May and June, and after a mean of 
212 ± 24 degree-days >12°C, and with water temperatures being 13.2–14.6°C. There 
were no further peaks in GSI, despite the species being considered to have prolonged 
spawning periods across spring and summer. These results also suggest that whilst 
the expression of life-history traits of invasive fishes often vary with density, they 
can be highly consistent between populations at similar abundances and locations.
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across broad spatial scales, such as for comparisons of trait expres-
sion between their native and invasive areas (Gozlan et al., 2020). 
Some life history traits, such as fast growth and early maturation with 
a high reproductive effort (e.g. gonado-somatic index), can increase 
the probability of an introduced fish establishing invasive popula-
tions (Fox et al., 2007), although the expression of these traits in this 
manner might, however, only be apparent early in the establishment 
period. Traits of slower growth rates, delayed maturity and reduced 
reproductive effort might then be expressed as the population es-
tablishes at higher population abundances (Davies & Britton, 2015a). 
This progression from rapid to slower development might involve 
trade-offs between individual investments in reproduction (e.g. high 
investment, larger egg sizes) versus population densities that could 
result in elevated levels of competition for food resources (Bøhn 
et al., 2004; Fox et al., 2007; MacArthur & Wilson, 1967).

The topmouth gudgeon Pseudorasbora parva (Temmink & 
Schlegel) is a highly invasive cyprinid fish species from Asia that has 
achieved pan-European distribution since its introduction in the 
1960s (Gozlan, Andreou, et al., 2010; Gozlan et al., 2020; Spikmans 
et  al.,  2020). Ecological consequences include modifications to 
food web structure (e.g. Britton Davies & Brazier,  2010; Britton 
Davies & Harrod, 2010) and novel pathogen transmission (Andreou 
et al., 2012; Sana et al., 2020), and it is often regarded as a pest in 
lentic systems (Früeder & Pöckl, 2007). This species typically has a 
suite of life history characteristics that contribute to its success as 
an invader, being of small body size with short generation time, ca-
pable of high reproductive effort and batch spawning (Adamek & 
Siddiqui, 1997; Rosecchi et al., 2001; Švolíková et al., 2016), with its 
use of nest male nest guarding posited to increase larval survival 
(Davies & Britton, 2015b). Recent studies have suggested high plas-
ticity in life history traits, such as somatic growth rates, is apparent 
following introductions, with initial fast growth when populations 
are at low density, followed by significantly slower growth post-
establishment when populations are at higher abundance (Britton & 
Gozlan, 2013; Davies & Britton, 2015a). Indeed, population density 
was the only significant predictor of somatic growth rates across 10 
P. parva populations covering a latitudinal gradient of 4.0° N, despite 
there being differences in mean annual air temperatures of approx-
imately 3°C across this gradient that had been considered as an im-
portant factor affecting trait expression (Davies & Britton, 2015a). 
However, there remains considerable uncertainty as to how other 
life history traits, such as reproductive investment, are expressed 
in relation to population density, and there is also little information 
on how these change over the course of a spawning season, given 
the apparent protracted spawning behaviours of P. parva (Gozlan, 
Andreou, et al., 2010).

Here, the aim was to assess the life history traits of four P. parva 
populations in adjacent ponds at a site in Southern England through 
regular sampling over a 12 month period. As the populations were 
of different age (i.e. time since introduction), these provided the 
potential for testing differences in trait expression between ponds 
and in relation to their population densities. Selecting adjacent 
ponds minimised potential latitudinal or temperature effects on the 

populations, allowing more precise assessment of the density ef-
fects on life history traits. Our objectives were to thus assess popu-
lation differences in life history traits (duration of spawning season, 
reproductive investment, length and age at maturity, and somatic 
growth rates) and evaluate any potential causal mechanisms. It was 
predicted that all populations would display an extended spawn-
ing period, as indicated by reproductive effort (as gonado-somatic 
index) varying between individuals over a prolonged period during 
spring and summer, with variability in traits between populations ac-
cording to their abundance.

2  | MATERIAL S AND METHODS

2.1 | Site and pond characteristics

The study site was located in Southern England, close to the city 
of Southampton, being a disused aquaculture site comprising of a 
number of adjacent small ponds (<400 m−2) in which P. parva were 
present and licensed for temporary holding. Four rectangular ponds 
were selected for this study, all approximately 400 m−2 with depths 
up to 2 m. In Ponds 1 and 2, P. parva had only been present for 3 years 
prior to sample collection, whereas in Ponds 3 and 4, they had been 
present for at least 10 years. Ponds 1 and 2 were adjacent to each 
other, as were 3 and 4, separated by an elevated earth bank of 3 m. 
The distance between Ponds 2 and 3 was approximately 60  m. 
The only native fish present in the ponds were very low numbers 
of three-spined stickleback Gasterosteus aculeatus and tench Tinca 
tinca, with P. parva being dominant both numerically and by biomass. 
There were also no hydrological connections between the ponds 
and so fish were unable to move between them. The ponds also all 
had extensive beds of submerged macrophytes present throughout 
the year (e.g. Elodea spp.).

2.2 | Fish sampling

Sampling of populations commenced in January 2013 (but with fish 
capture only from February 2013 due to very low water tempera-
tures in January 2013). Samples were then collected were at least 
once per month throughout the year (Table  1). Due to the exten-
sive macrophyte beds, sampling was restricted to the deployment 
of rectangular fish traps that comprised of a circular alloy frame of 
length 107 cm, width and height 27.5 cm, mesh diameter 2 mm and 
with funnel shaped holes of 6.5 cm diameter at either end to allow 
fish entry and hence their capture (Britton et al., 2011). These traps 
provide representative samples of P. parva at lengths above 20 mm 
(Britton et al., 2011). Each trap was baited with 5 fishmeal pellets of 
21 mm diameter and were fished in triplicate in each pond and set 
in the morning (~09:00) and lifted one hour later. The traps were 
always deployed in littoral areas and within the macrophyte beds. 
Following lifting of the traps, all fish were removed, counted, eu-
thanized (anaesthetic overdose; MS-222) and frozen. Counts of the 
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fish enabled calculation of catch per unit effort (CPUE) as a meas-
ure of their relative abundance (number of fish per trap per hour; 
n trap h−1). In addition, the water temperatures of each pond were 
measured throughout the period of study using Tiny-Tag Aquatic 2 
temperature loggers (Gemini Data Loggers, 2021, www.gemin​idata​
logge​rs.com) that recorded temperature every hour. These data 
were used to calculate the daily mean water temperature per month 
and the cumulative number of degree-days >12°C, with the latter 
calculated by totalling the number of degrees above 12°C for each 
mean daily temperature recording. These temperature data and 
metrics enabled their effects on the reproductive metrics of P. parva 
to be tested.

2.3 | Data collection and initial analyses

In the laboratory, samples were defrosted, measured (fork length, 
nearest mm) and weighed (to 0.01  g), before individuals were se-
lected randomly and dissected to identify the sex (immature, male, 
female). This process continued until a total of 30 female fish had 
been identified. Between 3 and 5 scales were removed from each 
fish and used for subsequent age determination using a projecting 
microscope (×30 magnification). Ovaries were then removed and 
weighed for female fish, with oocyte diameters then measured using 
a stage micrometer under a microscope, measuring 20 eggs per in-
dividual female.

Ages of fish were categorised as either 1+ or 2+ years (no fish 
were aged at 3+ years and above, and few were young-of-the-year 
due to the mesh size of the traps). Sex ratios were expressed as the 
ratio of male to female fish in samples, and was completed as P. 
parva samples tend to be female dominated in smaller size ranges 
but male dominated in larger sizes (Gozlan, Andreou, et al., 2010). 
Reproductive effort (females only) was calculated using the 

gonado-somatic index (GSI: gonad weight/(body weight  −  gonad 
weight)). The length at which 50% of the fish were mature was cal-
culated from the percentage of mature fish in each 5 mm length class 
using a modification of the formula of DeMaster (1978) as the orig-
inal formula is based on age classes, so the modification used 5 mm 
length classes instead (Trippel & Harvey, 1987). For both sexes, a fish 
was classed as mature when developed gonads could be identified 
in the body cavity.

2.4 | Statistical analyses

The influence of water temperature was tested on CPUE per pond 
using a generalized linear model, as the data were not normally dis-
tributed (Kolmogorov-Smirnov test, p < .05). The dependent variable 
was CPUE, the independent variable was pond and the covariate 
was water temperature at the time of sampling. Model outputs were 
the estimated marginal means of CPUE per pond, their standard 
error and the significance of differences in mean CPUE according to 
linearly independent pairwise comparisons with Bonferroni adjust-
ment for multiple comparisons. Sex ratios between male and females 
were expressed as the ratio of females to males, and tested for the 
significance of their differences from 1M: 1F using chi-square tests.

The effects of the date of sampling on female GSI were also 
tested using generalized linear models (GLM), as data were not nor-
mally distributed (Kolmogorov-Smirnov tests, p < .05, in both cases). 
In the models for each pond, GSI was the dependent variable, sample 
date was the independent variable and fish length was the covari-
ate (due to its potential positive influence on GSI). Linear distribu-
tion models were used. Reported model results included its overall 
significance (reporting the Wald χ2 value and its significance), and 
the estimated marginal means of GSI per sample date and its associ-
ated error (as standard error). The significance of differences in the 

TA B L E  1   Number, mean fork length and length range of Pseudorasbora parva captured in monthly samples from Ponds 1–4 between 
February 2013 and January 2014. All lengths are in mm, with error as standard deviation. ‘—’ indicates no fish captured during the sampling

Month

Pond 1 Pond 2 Pond 3 Pond 4

n
Mean 
length

Length 
range n

Mean 
length

Length 
range n

Mean 
length

Length 
range N

Mean 
length

Length 
range

February 313 34.3 ± 7.5 24–84 — — — — — — — — —

March 222 32.4 ± 7.4 15–69 28 46.5 ± 12.4 26–81 57 38.7 ± 6.4 21–57 135 35.8 ± 3.6 27–49

April 93 32.2 ± 8.1 22–58 47 50.0 ± 10 28–83 141 38.2 ± 10.4 23–78 318 35.3 ± 4.2 22–50

May 290 32.5 ± 7.2 20–63 68 48.2 ± 6.6 27–63 281 36.9 ± 8.2 6–84 142 35.4 ± 4.1 27–47

June 232 31.1 ± 5.5 21–52 72 45.2 ± 3.9 30–52 119 37.7 ± 6.5 26–69 100 36.5 ± 3.6 29 – 47

July 6 41.0 ± 10.3 34–61 163 47.8 ± 9.6 28–77 135 41.6 ± 6.6 29–62 84 36.7 ± 4.4 29–62

August 377 31.4 ± 7.2 21–66 117 40.2 ± 10.6 22–71 115 37.8 ± 7.9 22–77 279 36.4 ± 3.6 28–50

September 67 34.2 ± 10.9 24–64 62 45.8 ± 9.1 27–63 136 41 ± 8.0 23–79 23 37.2 ± 4.2 29–48

October 608 36.8 ± 7.7 22–77 30 46 ± 9.5 23–63 20 40.3 ± 12.4 24–69 27 39.6 ± 5.5 30–52

November 122 36.6 ± 7.7 25–67 — — — 4 40.8 ± 4.5 37 –47 14 44.8 ± 3.7 39–52

December 7 47.9 ± 7.11 34–63 1 30 ± 0 — 26 36.0 ± 8.7 25–58 36 39.8 ± 5.3 31–52

January 17 35.9 ± 7.0 25–54 — — — 31 41.4 ± 5.9 26–54 80 39.64 ± 4.5 31–53

http://www.geminidataloggers.com
http://www.geminidataloggers.com
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estimated marginal means per sample date was indicated by linearly 
independent pairwise comparisons with Bonferroni adjustment for 
multiple comparisons. A final model was then constructed where 
peak GSI was the dependent variable, pond was the independent 
variable and fish length was the covariate. The estimated marginal 
means for each pond (i.e. mean adjusted values) and their pairwise 
comparisons indicated the significance of their differences and so 
also indicated the influence of fish density (as mean CPUE) on these 
metrics.

Differences in growth rates between the ponds were then as-
sessed by testing differences in length at age 1+ and age 2+ be-
tween the ponds in GLMs, where the dependent variable was length 
at age, pond was the independent variable and sample date was the 
categorical covariate. Outputs were the overall significance of the 
model and then the estimated marginal means of length at age per 
pond, adjusted for the date of capture, and their differences accord-
ing to linearly independent pairwise comparisons, with Bonferroni 
adjustment for multiple comparisons. All statistics were completed 
in SPSS v. 21.0 for Windows (IBM Corp., 2012). Wherever error is 
expressed around the mean, it is standard error unless otherwise 
stated.

3  | RESULTS

The generalized linear model (GLM) testing differences in catch per 
unit effort across the ponds was not significant (Wald χ2  =  0.84, 
df = 3, p = .84), where the effect of temperature as a covariate was 
also not significant (p  =  .31). Mean CPUE values per pond were 
1:116 ± 33; 2:81 ± 23; 3:97 ± 25; and 4:95 ± 22 n trap h−1. The GLM 
testing the effect of month on fish length was significant (Month: 
Wald χ2 = 262.87, df = 10 p < .01; Pond: Wald χ2 = 1,285.02, df = 3, 
p < .01), with larger fish being captured in July than in other months 
(Table 1). The P. parva in pond 2 (44.40 ± 0.28 mm) were significantly 
larger than Ponds 1 (33.12 ± 0.16 mm), 3 (37.43 ± 0.23 mm) and 4 
(35.49 ± 0.21 mm) (p < .01 in all cases).

Across all the analysed samples per pond, the mature fish were 
male dominated, with sex ratios differing significantly from 1:1 (χ2, 
p <  .05 in all cases; Table 2). Lengths at 50% maturity for males in 
ponds 1, 2, 3 and 4 were 31.2, 47.0, 30.3 and 32.0 mm respectively; 
for females, they were 32.2, 47.0, 28.2 and 32.0 mm respectively. 
Scale ageing revealed all mature fish were at age 1+ years or above.

There was a significant effect of month on female gonado-
somatic index in each pond (GLM: Pond 1: Wald χ2 = 866.4, df = 11, 
p  <  .01; Pond 2: Wald χ2  =  456.8, df  =  8, p  <  .01; Pond 3: Wald 
χ2 = 641.3, df = 10, p < .01; Pond 4: Wald χ2 = 638.3, df = 10, p < .01). 
The effect of length as a covariate was also significant in Ponds 1, 2 
and 4 (p < .05) but not pond 3 (p = .31). Female GSI increased from 
January, peaked in May and June, and reduced significantly thereaf-
ter (Figure 1; Table 3). Values then slowly increased later in the year 
in preparation for spawning the following year (Figure 1). Across the 
ponds, there were between 163 and 278 degree days >12°C prior 
to the post-spawning GSI decline (mean 212 ± 23.9) (Figure 2). The 
mean monthly temperatures with peak GSI values were between 
13.2 and 14.6°C, with higher water temperatures recorded later in 
the summer (Figure 1). Differences in female peak GSI between the 
ponds were not significant (GLM: Wald χ2 = 1.73, df = 3, p >  .05), 
with mean peak GSI being 18.6  ±  0.9, 20.1  ±  1.1, 19.2  ±  1.2 and 
20.1 ± 1.1 in Ponds 1 to 4 respectively (Figure 1).

The oocyte diameters revealed a bi-modal distribution in fish 
from all ponds in the pre-spawning period (May 2013), with diam-
eters recorded between 0.20 and 1.90 mm (Table 2). Mean oocyte 
diameters differed significantly between the ponds (GLM: Wald 
χ2  =  148.24, df  =  3, p  <  .01; Table  2); differences were between 
ponds 1 and 2, 3 and 4; 2 and 3; 3 and 4 and between pond 4 and 
3 (pairwise comparisons, p <  .05), but not between ponds 2 and 4 
(pairwise comparisons, p > .05) (Table 2).

Mean length at age 1+ was 31.9 ± 0.2; 45.6 ± 0.3; 38.7 ± 0.2 
and 36.0  ±  0.2 mm for ponds 1–4 respectively, with mean length 
at age 2 + being 56.7 ± 1.2; 59.5 ± 0.9; 65.5 ± 1.44 and 48.6 ± 3.1 
for ponds 1–4. Bonferroni pairwise comparisons showed signifi-
cant differences in mean length at age 1+ between all ponds (Wald 
χ2 = 1,335.25, df = 3, p <  .01.), with P. parva having a significantly 
greater mean length at age 2+ in Pond 3 (p  <  .01) than all others 
(Wald χ2 = 34.739, df = 3, p < .01). Mean length at age 2+ for fish in 
Ponds 2 and 4 were not significantly different from those in Pond 1 
(p > .05).

4  | DISCUSSION

Across the four ponds, there was consistency in the expression of 
the life-history traits of P. parva, with little evidence of substantial 
and significant differences in the assessed life history traits be-
tween the populations. The populations were all male dominated, 
comprising of individuals that matured at small body sizes and 
spawned from age 1+ years, and with females that invested heav-
ily in reproduction, at least early in the spawning season. These 
outputs are relatively consistent with other studies on invasive P. 
parva that demonstrate similar r-selected trait expression (Gozlan, 
Andreou, et  al.,  2010), a common pattern in invasive fish more 
generally (Feiner et al., 2012; Fox et al., 2007), but with ages and 
lengths at maturity that were lower than reported from the native 
range (e.g. Záhorská & Kováč, 2009). Other studies on P. parva in 
both their native and invasive range have suggested they are a 

TA B L E  2   Reproductive traits of female P. parva in Ponds 1–4. All 
lengths are in mm with error around mean represented as standard 
deviation

Pond
Mean oocyte 
diameter (mm)

Oocyte diameter 
range (mm)

Sex Ratio 
(M:F)

1 0.88 ± 0.25 0.20–1.7 1:0.87

2 0.96 ± 0.28 0.30–1.8 1:0.96

3 1.06 ± 0.33 0.30–1.9 1:0.84

4 0.94 ± 0.27 0.30–1.6 1:0.73
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fractional or batch spawning species, having a prolonged repro-
ductive season with the production of young-of-the-year over a 
number of months (e.g. Gozlan, Andreou, et al., 2010). Here, how-
ever, across all populations, there was only one peak apparent 

in female GSI that occurred in May and June in response to in-
creasing water temperatures (range 13.2–14.6°C in the spawning 
period) and after approximately 210 degree-days >12°C; GSI sig-
nificantly declined thereafter, suggesting substantially decreased 

F I G U R E  1   Mean monthly adjusted 
(for fish fork length) gonado-somatic 
index for Ponds 1–4 with monthly mean 
water temperatures from February 2013 
to December 2013. Where present, 
bars are standard error and temperature 
measurement is in °C. ● represents 
adjusted gonado-somatic index; ○ 
represents monthly mean temperature

May Month Pond 1 Pond 2 Pond 3 Pond 4

February 12.00 ± 0.80*

March 11.99 ± 0.67* 9.95 ± 1.46* 13.14 ± 3.10* 14.18 ± 0.92*

April 11.84 ± 0.77* 8.90 ± 1.04* 9.04 ± 1.07* 12.88 ± 0.93*

June 5.23 ± 0.77* 7.55 ± 0.89* −2.21 ± 1.09 3.67 ± 0.91*

July 18.20 ± 2.11* 18.65 ± 1.09* 17.22 ± 1.34* 15.59 ± 1.09*

August 16.49 ± 0.66* 18.94 ± 1.10* 17.42 ± 1.17* 17.82 ± 0.90*

September 15.58 ± 0.84* 17.68 ± 1.29* 17.54 ± 1.10* 16.22 ± 1.41*

October 12.81 ± 0.65* 14.87 ± 1.44* 13.27 ± 1.62* 14.51 ± 1.66*

November 12.08 ± 0.80* 13.43 ± 3.09* 15.55 ± 3.11*

December 10.21 ± 3.60 15.20 ± 4.88 13.97 ± 1.89* 14.26 ± 1.46*

TA B L E  3   Pairwise comparisons of 
mean adjusted (for fish fork length) 
gonado-somatic index of female P. parva 
between May 2013 and all other months. 
Mean differences are displayed, with 
standard error and * denotes significant 
difference at p < .05
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spawning activity. These results suggest these populations had a 
relatively discrete spawning period that was concluded by June, 
with this suggestion of a single peak in reproductive effort being 
contrary to the prediction.

Studies on the plasticity of P. parva somatic growth rates have 
revealed that population density is an important determinant of 
growth, often having greater effects than temperature (Britton & 
Gozlan, 2013; Davies & Britton, 2015a). This has been suggested as 
facilitating P. parva establishment as it assists the development and 
reproduction of newly released propagules early in life, enabling them 
to overcome population demographic bottlenecks relating to their 
low density (Britton & Gozlan, 2013; Davies & Britton, 2015a). In the 
four populations, there was little evidence of high inter-population 
plasticity in both reproductive and somatic growth metrics, with this 
consistency in trait expression being an important result. This is be-
cause in the study design, the ponds were selected on the basis of 
their age, with Ponds 1 and 2 being relatively new populations (ap-
proximately 3 years since introduction), whereas Ponds 3 and 4 were 
at least 10 years old. Thus, the rationale of their selection was that 
the populations in Ponds 1 and 2 would still be establishing, so po-
tentially being at lower abundance when compared to Ponds 3 and 
4, and thus were predicted to comprise of faster growing, earlier ma-
turing fish that invested more heavily in reproduction. That this was 
not apparent relates to their relative abundances; despite the dif-
ferent ages of the populations, catch per unit effort suggested their 
densities of P. parva above 20 mm were not significantly different 
to each other, suggesting rapid population establishment in Ponds 
1 and 2. Thus, their absolute densities were assumed to relatively 

similar and so insufficient to result in significant plasticity in their 
life-history traits, with no evidence of any context-dependent dif-
ferences. Notwithstanding, it is acknowledged that there was con-
siderable temporal variability in the CPUE data in each pond that 
might have also been related to the location of the individual traps 
and patchy distributions in P. parva, with this variability potentially 
being a driver of the non-significant differences detected in CPUE 
between the ponds. Unfortunately, these factors were unable to be 
quantified in the study and thus their influence on relative abun-
dance remains speculative. It is argued that the use of traps was the 
only viable method to efficiently capture the P. parva samples, given 
that other capture methods, including micromesh seine netting and 
electric fishing, unable to be used effectively for these small-bodied 
fish in weed-infested, small ponds (Britton et  al.,  2011). However, 
it is suggested that some caution is used when the CPUE data are 
used to suggest variability in the absolute density of P. parva was low 
between the four ponds.

These results need consideration in the context of the risk man-
agement of invasive P. parva populations. Highly invasive across 
Europe, impacts on native communities include the transmission 
of a novel pathogen (e.g. Andreou et  al.,  2012; Sana et  al.,  2018, 
2020) and the detrimental effects of increased inter-specific com-
petition (e.g. Britton, Davies, & Brazier, 2010). In the case of the lat-
ter, this might only be apparent at very high population abundances 
that only occur in disturbed lentic environments, such as angling 
ponds, where high trophic subsidies from anglers facilitate the pro-
duction of unnaturally high P. parva densities (Britton et al., 2015; 
Jackson et  al.,  2013; Tran et  al.,  2015). The outputs of this study, 

F I G U R E  2   Number of degree days 
greater than 12°C water temperature with 
mean adjusted gonado-somatic index in 
Ponds 1–4. Error bars represent standard 
error
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in conjunction with those of Britton and Gozlan (2013) and Davies 
and Britton (2015a), suggest that following an introduction of P. 
parva into a new environment, it is likely that the expression of their 
growth and reproductive traits will enable rapid establishment of 
a stable population (<2  years) that, where the environment is rel-
atively undisturbed, will then have life-history traits that maintain 
a relatively stable population size, including spawning events that 
occur in relatively discrete periods. Consequently, these results sug-
gest that management actions to inhibit the development of their 
populations in newly invaded environments need to happen soon 
after their introduction if they are to be effective.

Analyses of the life history traits of invasive fishes tend to be 
assessed for populations located over broad spatial scales, such as 
over latitudinal gradients that can act as surrogates for temperature 
gradients (Cucherousset et al., 2009). These studies tend to show rel-
atively predictable variation in trait expression with latitude; in the 
Northern hemisphere, slower growth rates and reduced reproductive 
investment at age tend to occur at higher latitudes (Cucherousset 
et al., 2009). This pattern has been evident populations of invasive 
largemouth bass Micropterus salmoides (Britton et  al.,  2010) and 
pumpkinseed (Záhorská et al., 2017), as well as being weakly evident 
in common carp Cyprinus carpio (Vilizzi & Copp, 2017). In contrast, 
there has been less focus on identifying consistency in life history 
trait expression of invasive fish at similar latitudes and where differ-
ences between populations, such as in their physical environments 
and abundances, are minimal. Here, the results demonstrated that 
there was low variability in the expression of these traits between 
ponds that differed only in their time since P. parva introduction, 
suggesting that traits such as growth rates and reproductive invest-
ment are also predictable across relatively small spatial areas. This 
indicates that studies investigating patterns at large spatial scales can 
potentially rely on low replication of populations in specific regions, 
providing there is low variation in population densities in that region.

In summary, analysis of the life-history traits of these four P. 
parva populations over a 12  month period revealed consistency 
in the peak of their reproductive season and in the expression of 
important life-history traits. Their consistency was interpreted 
as relating to the low variability in relative abundances across the 
populations, suggesting that at specific densities, aspects of their 
life-history traits expression are predictable and lack stochasticity. 
These results thus contribute to increasing knowledge base on inva-
sive P. parva in Europe specifically, and small invasive fishes gener-
ally, by suggesting that the continuum of life-history trait expression, 
whilst varying with population density, can be an important predic-
tor of the stability of invading populations.
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