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1  |  INTRODUC TION

Range-expanding species often develop into ecologically and genet-
ically divergent lineages as they spread to, and colonize new loca-
tions. Human activities can influence the spread of such species and, 
in some cases, facilitate secondary contact between divergent lin-
eages that might otherwise have remained separate. In circumstances 
where genetically variable populations come into secondary contact, 

we are able to investigate the fitness consequences of hybridization 
and their influence on the process of adaptation during colonization. 
There are several possible ecological and evolutionary outcomes that 
might follow secondary contact. If the lineages become strongly re-
productively isolated species prior to secondary contact (e.g., ring 
species: Irwin et al., 2001), then these species might either coexist 
together or competitively exclude one another, depending on their 
order of arrival at a local site and the ecological differences between 
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Abstract
Hybridization following secondary contact of genetically divergent populations can 
influence the range expansion of invasive species, though specific outcomes depend 
on the environmental dependence of hybrid fitness. Here, using two genetically and 
ecologically divergent threespine stickleback lineages that differ in their history of 
freshwater colonization, we estimate fitness variation of parental lineages and hybrids 
in semi-natural freshwater ponds with contrasting histories of nutrient loading. In our 
experiment, we found that fish from the older freshwater lineage (Lake Geneva) and 
hybrids outperformed fish from the younger freshwater lineage (Lake Constance) in 
terms of both growth and survival, regardless of the environmental context of our 
ponds. Across all ponds, hybrids exhibited the highest survival. Although wild-caught 
adult populations differed in their functional and defence morphology, it is unclear 
which of these traits underlie the fitness differences observed among juveniles in 
our experiment. Overall, our work suggests that when hybrid fitness is insensitive to 
environmental conditions, as observed here, introgression may promote population 
expansion into unoccupied habitats and accelerate invasion success.
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2  |    HUDSON et al.

them. However, secondary contact more commonly occurs prior 
to the evolution of strong reproductive isolation, meaning that the 
specific outcomes will depend on the extent of introgressive hy-
bridization between lineages, the environmental dependence of hy-
brid fitness, and any subsequent evolution of reproductive isolation 
(i.e., reinforcement of reproductive isolation or hybrid speciation) 
(Epifanio & Philipp, 2000). In relation to invasive species, it is pos-
sible that human activities influence the spatial spread, the environ-
mental conditions across their range, and the timing and location of 
secondary contact. It is well known that the degree of invasiveness 
can evolve rapidly during range expansion (Hill et al., 2011; Hudson 
et al., 2020; Perkins et al., 2013; Phillips et al., 2008, 2010; Wagner 
et al., 2017), but less is known about how secondary contact during 
invasions affects performance and hence range expansion.

The extent and environmental context of hybridization can poten-
tially influence the outcomes of secondary contact between divergent 
lineages in natural populations, including the spread of invasive spe-
cies. The impact of hybridization on the fitness of invasive species has 
been extensively studied in plants (Ellstrand & Schierenbeck, 2006; 
Hahn & Rieseberg, 2017; Moody & Les, 2002; Prentis et al., 2008), 
and to a lesser degree in animals (Drake, 2006; Kolbe et al.,  2004; 
Smyser et al., 2020; Strait et al., 2021; Wagner et al., 2017). One rel-
evant hypothesis is the ‘catapult effect’, which suggests that rapid 
growth of F1 populations, for example, due to heterosis, may promote 
the establishment of invasive species (Drake,  2006). Heterosis is a 
well-known phenomenon by which first-generation hybrids exhibit 
enhanced growth or fitness relative to both parental lineages (also 
referred to as hybrid vigour), and is commonly observed in agricul-
tural settings (Labroo et al.,  2021), but can also be seen in natural 
populations (see Birchler et al.,  2010; Chen,  2013). Existing theory 
often attributes heterosis to evolutionary genetic mechanisms, such 
as the masking of deleterious recessive alleles (i.e., via dominance) or 
the emergence of novel combinations of alleles (i.e., overdominance) 
(Fiévet et al.,  2018; Hochholdinger & Hoecker,  2007; Lippman & 
Zamir, 2007; MacPherson et al., 2022; Whitlock et al., 2000). Such 
mechanisms could help explain why hybridization between inbred lin-
eages leads to enhanced fitness of hybrids, but similar predictions for 
outbred natural populations are less clear. Importantly, previous work 
has shown that heterosis can be environment dependent (Thompson 
et al., 2022; Wagner et al., 2021), for example, the heterosis of hybrid 
corn strains can depend on the microbial community in the soil. In 
other cases, hybridization among populations can result in heterosis 
(Thompson & Schluter, 2022), but hybridization between closely re-
lated species might be counteracted in certain environmental contexts 
if hybrid individuals with mismatching traits perform poorly (Arnegard 
et al., 2014; Selz & Seehausen, 2019). Such environment-dependent 
heterosis, either within or between lineages, could influence the in-
vasion dynamics of outbred populations following secondary contact.

Threespine stickleback (Gasterosteus aculeatus species complex) is 
a useful model for studying how the outcomes of secondary contact 
might influence subsequent invasion dynamics in natural populations. 
There is ample work on the adaptation of stickleback to freshwater 
environments, adaptive population divergence of these populations 

as they expand their range and colonize divergent types of water 
bodies, and on the role of secondary contact for ecological speciation 
(Coyne & Orr, 2004; Hendry et al., 2009; Lackey & Boughman, 2017; 
Nosil,  2012; Ravinet et al.,  2013; Schluter,  2000). Many studies 
have investigated sexual and ecological selection against hybrids 
(Arnegard et al., 2014; Gow et al., 2007; Hanson et al., 2016; Hatfield 
& Schluter, 1999; Keagy et al., 2016; Kitano et al., 2007; Raeymaekers 
et al., 2010; Thompson et al., 2021; Vamosi et al., 2000) as intrinsic 
reproductive isolation barriers are typically weak or non-existent in 
stickleback (Lackey & Boughman,  2017), and hybridization is com-
mon. Much of this work has been in the context of hybridization be-
tween sympatric or parapatric species pairs (see Hendry et al., 2009 
and citations within), but rarely between anciently divergent allo-
patric freshwater lineages (though see Dean et al.,  2019; Ravinet 
et al., 2013). Investigating secondary contact between lineages that 
differ in colonization history could thus provide insight into the role of 
hybridization in population divergence and range expansion.

European freshwater stickleback populations are composed of 
multiple anciently divergent lineages that differ markedly in coloni-
zation age and history (Fang et al., 2018, 2020; Mäkinen et al., 2006; 
Mäkinen & Merilä, 2008). In some cases, there have been secondary 
contact between such lineages, but the implications for further range 
expansion are unclear. The perialpine region of Switzerland north of the 
Alps is a zone of recent secondary contact between several divergent 
lineages. For example, two of these lineages are represented by pop-
ulations in Lake Constance and Lake Geneva respectively, that were 
both introduced in the late 1800s (see Hudson, Lucek, et al., 2021 for a 
review). Currently, stickleback has a broad distribution in Switzerland, 
including the Rhine, Rhône, Po, and Aare drainages, and an exten-
sive zone of secondary contact between three lineages has formed 
throughout the central Swiss plateau (Lucek, 2016; Lucek et al., 2010; 
Roy et al., 2015). Here we are interested in two of these Swiss stickle-
back lineages, the western European G. gymnurus that was introduced 
to Lake Geneva, and the northern European G. aculeatus that was 
introduced to Lake Constance (hereafter referred to as “Constance” 
and “Geneva” lineages). Though both lineages have been present in 
Switzerland for ~150 years, they are vastly different with respect to 
their age of freshwater colonization (Figure 1). The western European 
lineage colonized modern-day France from the East Atlantic during the 
late Pleistocene ∼27–11 Kya (undergoing possible secondary contact 
with the even much older Mediterranean lineage in the upper Rhône, 
see Fang et al., 2018; Mäkinen et al., 2006; Mäkinen & Merilä, 2008), 
while the northern European lineage colonized the Baltic sea drain-
age basin following the deglaciation of central Europe ~17–5 Kya (Fang 
et al., 2018, 2020). Thus, the Geneva lineage has a long evolutionary 
history of adaptation to life in freshwater (e.g., see Figure 1).

Since these divergent lineages differ in both their colonization and 
evolutionary histories (Hudson, Lucek, et al., 2021), we wanted to ex-
plore the relative fitness of the lineages and their hybrids in contrast-
ing environmental and food web conditions. Based on the observed 
differences in natural history between the two populations (i.e., Lake 
Constance fish are abundant in open water environments while Lake 
Geneva fish are largely confined to littoral habitats) we predicted that 
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    |  3HUDSON et al.

each lineage would perform better in an environment where more 
resembled their source habitat; Constance in an oligotrophic habi-
tat, Geneva in a eutrophic habitat. Therefore, in this study, we gen-
erated contrasting environments in the form of artificially eutrophic 
and oligotrophic semi-natural ponds. We then introduced lab-bred 
populations of each lineage, and hybrids between them, to quantify 
juvenile growth and survival in these environments. As these two lin-
eages occupy different niches in the wild (Hudson, Lucek, et al., 2021) 
and exhibit differences in survival in mesocosm experiments (Best 
et al., 2017) we first collected wild adult fish to compare their morphol-
ogy of ecologically relevant traits, and to breed juveniles for the pond 
experiment. Using the lab-reared offspring juveniles, we assessed how 
these lineages and their hybrids perform under contrasting environ-
mental conditions, simulating a situation of recent secondary contact.

2  |  MATERIAL S AND METHODS

2.1  |  Study system – two stickleback lineages with 
contrasting evolutionary histories

The Geneva and Constance lineages differ markedly in their time since 
freshwater colonization (Figure  1) and in many ecologically relevant 
traits. When compared to the Constance lineage, Lake Geneva fish 

have fewer bony lateral plates (i.e., only the structural plates), deeper 
bodies, shorter gill rakers, and smaller eyes (Berner et al., 2010; Lucek 
et al., 2010, 2013), which collectively suggest more benthic or littoral 
feeding behaviour and habitat utilization (Kottelat & Freyhof, 2007). 
Furthermore, increased FADS2 copy numbers in the Geneva lineage 
(Ishikawa et al., 2019) and fatty acid synthesis ability (Hudson, Ladd, 
et al., 2021) allow them to produce more omega-3 fatty acids from a 
diet of benthic invertebrates (which are lower in omega-3 fatty acids 
in comparison to zooplankton; Twining et al., 2021), and by inference, 
perhaps they survive better in nutrient-poor environments such as 
streams (Ishikawa et al.,  2021). Under experimental conditions, fish 
from the Geneva lineage exert a stronger effect on the benthic in-
vertebrate community in mesocosms (Best et al., 2017), and consume 
more benthic crustaceans such as isopods than Constance lineage fish 
(Moosmann et al., 2023). In contrast, fish from the Constance lineage 
are efficient planktivores (Best et al., 2017; Schmid et al., 2019), and 
wild-caught fish from Lake Constance has a predominantly planktonic 
diet (Bretzel et al., 2021; Hudson, Lucek, et al., 2021). The population 
in Lake Constance has garnered particular interest from ecologists 
and conservation biologists because of their rapid increase in abun-
dance in the pelagic zone of the lake over the past decade (Alexander 
et al., 2016; Eckmann & Engesser, 2019). By comparison, the popula-
tion in Lake Geneva is at a much lower abundance, and is not very com-
mon in the open water habitats (Alexander & Seehausen, 2021).

F I G U R E  1  Colonization history of several prominent stickleback lineages in Central Europe with an overlay of the extent of glaciers 
during the last two maxima. Panel (a) depicts the estimated colonization routes and times for four stickleback lineages; estimated times 
since colonization were interpreted by the authors from previous studies by (Mäkinen et al., 2006; Mäkinen & Merilä, 2008; Fang 
et al., 2018, 2020). The orange lines with a question mark indicate a possible, but as yet unconfirmed zone of secondary contact, with signs 
of mitonuclear discordance occurring in some Rhône populations. Panel (b) highlights the zone of hybridization in Switzerland and the lakes 
from which our samples were collected (Lake Geneva in orange, Lake Constance in blue). Panel (c) shows two alizarin red stained adult male 
stickleback; a fully plated male from Lake Constance (Baltic lineage) and a low plated male from Lake Geneva (East Atlantic lineage).
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4  |    HUDSON et al.

2.2  |  Fish collection, breeding, and husbandry

From May to June of 2019, during the stickleback breeding season, 
we collected adults in breeding condition (visibly gravid females, and 
males with red nuptial coloration) from Lake Geneva (Le Grand Canal; 
46.396770° N, 6.887284° E) and Lake Constance (Jägershaus Marina; 
47.490264° N, 9.547921° E) using steel minnow traps. These fish were 
brought back to our lab and euthanized on the same day of capture 
with 1 g/L ethyl 3-aminobenzoate methanesulfonate (MS-222) prior 
to artificial spawning. To produce clutches in the lab, mature eggs 
were stripped from female stickleback into Petri dishes containing 
water, and mixed with milt from macerated testes dissected out of the 
body cavities of males. Each clutch had one sire and one dam. Using 
this method we produced 79 clutches of successfully fertilized eggs 
in the following pairings: Geneva ♂ × Geneva ♀ (G × G) 24, Constance 
♂ × Geneva ♀ (C × G) 14, Geneva ♂ × Constance ♀ (G × C) 13, Constance 
♂ × Constance ♀ (C × C) 28. Additional clutches were produced, but 
these either failed to fertilize or died prior to hatching and thus they 
were not included in the experiment. From the surviving clutches, fer-
tilized eggs were separated using a fine-tip dissection probe, and egg 
clutches were then maintained in individual mesh containers within a 
flow-through incubator at 15°C. Incubators were checked daily during 
this time, and unfertilized, dead, or fungal-infected eggs were removed 
from the clutch using a pipette to ensure health of the remaining eggs. 
Eggs typically hatched 10 days post-fertilization at this temperature. 
After juvenile stickleback was free-swimming and had resorbed their 
yolk sac (3–4 days post-hatching), clutches were mixed together by pa-
rental origin (i.e., G × G, hybrid, and C × C) and transferred into 100 L 
aquaria. This was done to generate a large, phenotypically diverse pop-
ulation of each lineage that could be reared in a common garden. These 
juvenile fish were reared on a diet of live artemia nauplii until they were 
large enough to consume finely chopped frozen chironomid larvae. We 
performed all fish collection and husbandry in accordance with per-
mits obtained from the Swiss cantons of St. Gallen and Vaud. We ob-
tained animal care permits and approval for this experiment from the 
Swiss federal veterinary office and the cantons of Lucerne and Zurich.

2.3  |  Experimental ponds

Eawag's research facility in Dübendorf, Switzerland (47.4038° N, 
8.6098° E) houses 36 identical 15 m3 outdoor experimental ponds 
(Figure 2). These ponds are 4 m in diameter, 1.5 m deep, and have 
a shallow 0.5 m section (Figure  S1). They were 3 years post-filling 
at the time of our experiment. Prior to our study, these ponds 
were part of a long-term ecosystem manipulation experiment (see 
Lürig et al., 2021; Narwani et al., 2019 for details) and were inocu-
lated with zooplankton and phytoplankton from Lake Greifensee 
(47.3478° N, 8.6793° E) as well as macroinvertebrates from Lake 
Lucerne (47.0136° N, 8.4372° E). In addition, certain ponds had a cu-
mulative history of nutrient loading over the 3 years prior to the ex-
periment, where phosphorus and nitrogen were added in the form of 
KNO3 and K2HPO (Lürig et al., 2021). Data on water chemistry and 

the plankton community were collected weekly to document eco-
system responses to nutrient loading over the course of the ecosys-
tem manipulation experiment. Samples of the benthic invertebrate 
community were collected once per year, in the autumn. The eight 
ponds used in the present experiment were divided into two treat-
ment categories, those with a history of eutrophication (eutrophic), 
where nutrients were added, and those without (oligotrophic) 
(Figure 2). After inoculation, the ponds are open to the environment 
and were subsequently colonized by aquatic invertebrates with air-
borne adult stages. In this study, we used data collected by (Narwani 
et al., 2019) and (Lürig et al., 2021) on pond environmental condi-
tions, invertebrate, and zooplankton abundances in our analysis, 
along with that collected during the experiment. On July 16th 2019, 
when juvenile stickleback were 32–43 days old (post-hatching), we 
randomly selected six of the eight ponds (including three of each 
treatment) and introduced 255 juveniles into each (85 per cross 
type – G × G, hybrid, and C × C), keeping the two remaining ponds 
as no-fish controls (Figure  2g). We measured the standard length 
of a subset (40 individuals) of each cross type prior to introduction; 
G × G mean SL = 17.09, SE = 0.27; hybrid mean SL = 15.85, SE = 0.28; 
C × C mean SL = 13.65, SE = 0.22. Fish were left to forage freely until 
October 30th (106 days in total), when all remaining individuals were 
captured and the ponds were drained completely. This provided us 
with a measure of the total number of surviving fish per pond.

2.4  |  Morphological analyses

To characterize the external morphology of wild-caught adult fish 
(180 fish total, 90 of each lineage, 45 of each sex) we removed their 
internal organs post-mortem (to allow the fixative to better perme-
ate the tissue) and fixed the bodies in a 4% formaldehyde solution 
for 1 week. We then rinsed these fish in water for 24 h and trans-
ferred them to a 30% saturated solution of sodium tetraborate 
(Na₂[B₄O₅(OH)₄]·8H₂O) with 1 g/L of trypsin for 72 h of clearing. 
Following this, we transferred the fish to a solution of 10 g/L KOH 
with 80 mg/L of Alizarin red stain for 48 h, and then a solution of 
36 mL/L H2O2 for 4 h. Finally, fish bodies were transferred to glyc-
erol and photographed next to a 2 cm scale bar with hash marks at 
1 mm intervals from the dorsal and lateral point of view, with the 
mouth both open, and closed. We used phenopype software ver-
sion 2.1.0 (Lürig, 2021) to digitally landmark photographs of stained 
fish (Figure S2, Table S1). By converting the number of pixels in the 
photograph to metric measurements, we were able to calculate lin-
ear morphological traits by substituting the x–y coordinates of the 
landmarks into the distance formula √[(x₂–x₁)2 + (y₂–y₁)2] (Table S2). 
From a subset of these landmarks we calculated functional traits 
that are relevant to foraging such as suction index, displacement ad-
vantage, and opercular four-bar linkage using formulae from (McGee 
et al., 2013; Thompson et al., 2017; Schmid et al., 2019). Together 
these functional traits quantify the suction force that a fish can 
generate while feeding, the opening velocity of the lower jaw, and 
the magnitude of rotation (i.e., speed at which a fish can extend 
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    |  5HUDSON et al.

and retract) of the mouth joints. We also measured defensive traits 
such as dorsal and pelvic spine lengths, and counted the number of 
bony lateral plates visually. We excluded individuals with damaged 
mouths or mouthparts (n = 12) from the analysis of functional traits. 
At the end of the pond experiment, following capture and euthana-
sia, we measured the standard length of all juvenile fish by hand with 
digital callipers to the nearest 0.01 mm, and wet mass to the nearest 
0.01 g with a digital microbalance. We then calculated Fulton's con-
dition factor (K = 100 × weight/length3) as a measure of individual 
body condition (Ricker, 1975; Nash et al., 2006). Juveniles were not 
landmarked in the same fashion as adult fish, and no morphological 
analyses were performed.

2.5  |  Microsatellite genotyping, lineage 
assignment, and survival

As juveniles were introduced into the experiment at a small size 
(~15 mm SL) we did not tag them with elastomers or transpond-
ers to avoid influencing their behaviour or growth. This meant that 
we needed to determine their cross-type after capture to know 
how many of each lineage survived in each pond. We extracted 

DNA from juveniles and parents using a HotSHOT protocol that 
was modified from (Meeker et al.,  2007). Following DNA extrac-
tion, we identified the lineage that surviving juveniles belonged 
to as Constance (C × C), Geneva (G × G) or F1 hybrid (G × C or C × G 
parents) by genotyping each fish and all parents for ten micros-
atellite markers (Table  S3) (Colosimo et al.,  2005; Raeymaekers 
et al., 2007; Lucek, Sivasundar, et al., 2014) and inferred their line-
age using COLONY software version 2.0.6.7 (Jones & Wang, 2010). 
Microsatellite data were obtained by running a single multiplexed 
polymerase chain reaction product on an ABI 3130XL and scoring 
the alleles with GENEMAPPER 4.0 (Applied Biosystems). Of the 
total 871 recovered juveniles, only six fish could not be assigned to 
any lineage due to incomplete or erroneous genotype information. 
These individuals were excluded from our analyses. Once genetic 
information was available we calculated the selection coefficient 
for each lineage in each pond as S = 1 – (number of surviving ju-
veniles of that lineage/number surviving of the best-performing 
lineage in that pond). In this way, the lineage with the highest sur-
vival in each pond has a score of zero, and larger values indicate the 
strength of selection against lineages relative to the best perform-
ing lineage. We did this to better visualize the differences in survival 
between lineages and across all ponds, but did not use the survival 

F I G U R E  2  Panels (a–e): environmental conditions and prey densities of our experimental ponds prior to fish introduction. Mean values 
with standard error for the eutrophic (green) and oligotrophic (blue) ponds are shown. Panel (f) depicts our experimental ponds prior to 
manipulation. From these ponds we randomly selected eight (four per environmental treatment), to which we introduced fish to six (three 
per treatment). Panel (g) outlines our experimental design, where each of the selected ponds received 255 fish fry (85 of each lineage) at the 
onset of the experiment. Five hundred and ten fish of each lineage were collected from each of the mixed family tanks (within lineage) and 
then split into six groups to ensure that families were randomized and equally represented in each pond.
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6  |    HUDSON et al.

coefficient in any statistical analyses. See (Best et al., 2017; Brunner 
et al., 2017) for similar approaches.

2.6  |  Lipid content analysis

After genotyping and assigning parentage to the experimental fish 
we randomly selected six individuals of each cross (i.e., G × G, hy-
brid, and C × C) from each pond (18 individuals per pond; 108 fish 
in total) for lipid content analysis, as an additional measure of body 
condition. We extracted lipids from freeze-dried muscle tissue in 2:1 

dichloromethane/methanol (4×) and calculated percent lipid by mass 
by dividing the weight of lipid extract (±0.001 mg) by weight of the 
freeze-dried tissue (±0.001 mg).

2.7  |  Statistical analyses

To test for differences in environmental conditions (e.g., total 
phosphorus, dissolved organic carbon, etc.) of our pond treat-
ments we performed linear mixed-effect models with treatment 
(oligotrophic or eutrophic) as a fixed effect, and date as a random 

Mouthparts Sum Sq DF F value p-Value

Dorsal mouth protrusion

Head length 1.31E+00 1, 160 48.56 <0.001

Lineage 1.46E−02 1, 160 0.54 0.46

Sex 8.00E−03 1, 160 0.30 0.59

Head length × Lineage 1.47E−02 1, 160 0.55 0.46

Head length × Sex 1.28E−02 1, 160 0.47 0.49

Lineage × Sex 1.39E−01 1, 160 5.16 0.024

Head length × Lineage × Sex 1.35E−01 1, 160 4.99 0.027

Lower jaw length

Head length 8.01E−01 1, 160 155.51 <0.001

Lineage 1.60E−02 1, 160 3.10 0.08*

Sex 6.54E−03 1, 160 1.27 0.26

Head length × Lineage 1.35E−02 1, 160 2.62 0.11

Head length × Sex 4.88E−03 1, 160 0.95 0.33

Lineage × Sex 1.25E−03 1, 160 0.24 0.62

Head length × Lineage × Sex 1.04E−03 1, 160 0.20 0.65

Gape width

Head length 9.99E−01 1, 160 100.23 <0.001

Lineage 1.76E−03 1, 160 0.18 0.67

Sex 7.55E−03 1, 160 0.76 0.39

Head length × Lineage 1.54E−03 1, 160 0.15 0.69

Head length × Sex 9.20E−03 1, 160 0.92 0.33

Lineage × Sex 3.74E−02 1, 160 3.75 0.054*

Head length × Lineage × Sex 3.74E−02 1, 160 3.75 0.054*

Suction index

Lineage 2.08E+00 1, 164 14.81 <0.001

Sex 1.35E+00 1, 164 9.64 <0.001

Lineage × Sex 6.60E−01 1, 164 4.71 <0.001

Displacement advantage

Lineage 1.32E−01 1, 164 6.20 0.001

Sex 1.27E−01 1, 164 5.96 0.002

Lineage × Sex 5.00E−03 1, 164 0.22 0.62

Opercular 4-bar KT

Lineage 2.00E−02 1, 157 0.62 0.43

Sex 7.00E−02 1, 157 1.77 0.19

Lineage × Sex 1.60E−01 1, 157 4.10 0.044

Note: The table shows sums of squares (Sum Sq), degrees of freedom (DF), F-values and p-values 
(bold = p < 0.05, * = p < 0.1) from Type III ANOVAs with standard length, lineage, and sex as factors. 
In the case of functional traits, standard length was not included in the model as the functional 
traits are composed of other length measures and effectively size corrected.

TA B L E  1  Statistical tests for a 
comparison of mouthpart traits between 
wild-caught adult fish from Lake 
Constance and Lake Geneva.
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    |  7HUDSON et al.

effect using the R packages lme4 (Bates et al., 2015) and lmerTest 
(Kuznetsova et al., 2017). We also tested for differences between 
prey community composition data (presence/absence) of the 

treatments using a distance-based redundancy analysis (db-RDA) 
with the capscale() function in the R package vegan (Oksanen 
et al., 2020).

Morphological traits Sum Sq DF F value p-Value

Standard length

Lineage 3.40E−01 1, 176 92.97 <0.001

Sex 6.00E−02 1, 176 16.86 <0.001

Lineage × Sex 2.00E−02 1, 176 6.03 0.015

Body width

Standard length 6.91E−01 1, 172 165.99 <0.001

Lineage 3.82E−03 1, 172 0.917 0.34

Sex 1.12E−02 1, 172 2.69 0.10

Standard length × Lineage 5.95E−03 1, 172 1.43 0.23

Standard length × Sex 1.32E−02 1, 172 3.18 0.076*

Lineage × Sex 8.33E−03 1, 172 2.00 0.16

Standard length × Lineage × Sex 8.53E−03 1, 172 2.05 0.15

Lateral head length

Standard length 4.28E−01 1, 172 432.93 <0.001

Lineage 7.10E−04 1, 172 0.71 0.40

Sex 6.00E−05 1, 172 0.06 0.80

Standard length × Lineage 5.60E−04 1, 172 0.57 0.45

Standard length × Sex 2.70E−04 1, 172 0.28 0.60

Lineage × Sex 0.00E+00 1, 172 0.00 0.96

Standard length × Lineage × Sex 1.00E−05 1, 172 0.01 0.92

Epaxial height

Standard length 3.68E−02 1, 172 1.26 0.26

Lineage 1.54E−01 1, 172 5.25 0.02

Sex 6.10E−03 1, 172 0.21 0.65

Standard length × Lineage 1.58E−01 1, 172 5.39 0.02

Standard length × Sex 6.40E−03 1, 172 0.22 0.64

Lineage × Sex 6.05E−02 1, 172 2.07 0.15

Standard length × Lineage × Sex 5.63E−02 1, 172 1.92 0.17

Eye width

Standard length 1.82E−01 1, 172 43.96 <0.001

Lineage 1.47E−03 1, 172 0.36 0.55

Sex 8.70E−04 1, 172 0.21 0.65

Standard length × Lineage 1.21E−03 1, 172 0.29 0.59

Standard length × Sex 1.42E−03 1, 172 0.34 0.56

Lineage × Sex 4.52E−03 1, 172 1.09 0.30

Standard length × Lineage × Sex 4.38E−03 1, 172 1.06 0.30

Body depth

Standard length 2.76E−01 1, 172 143.68 <0.001

Lineage 7.00E−05 1, 172 0.04 0.85

Sex 5.10E−03 1, 172 2.65 0.11

Standard length × Lineage 1.40E−04 1, 172 0.07 0.79

Standard length × Sex 4.36E−03 1, 172 2.27 0.13

Lineage × Sex 1.00E−04 1, 172 0.05 0.82

Standard length × Lineage × Sex 3.00E−05 1, 172 0.02 0.90

Note: The table shows sums of squares (Sum Sq), degrees of freedom (DF), F-values and p-values 
(bold = p < 0.05) from Type III ANOVAs with standard length, lineage, and sex as factors.
* indicate a marginally significant effect (i.e. p < 0.1).

TA B L E  2  Statistical tests for 
a comparison of non-mouthpart 
morphological traits between wild-caught 
adult fish from Lake Constance and Lake 
Geneva.
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8  |    HUDSON et al.

Defence traits Sum Sq DF F value p-Value

Plate number

Lineage 2.16E+04 1, 176 1478.94 <0.001

Sex 1.20E+01 1, 176 0.841 0.364

Lineage × Sex 0.00E+00 1, 176 0.018 0.891

First dorsal spine length

Standard length 1.03E−02 1, 172 34.04 <0.001

Lineage 0.00E+00 1, 172 0.89 0.35

Sex 8.24E−03 1, 172 0.00 1.00

Standard length × Lineage 1.00E−05 1, 172 0.71 0.40

Standard length × Sex 9.58E−03 1, 172 0.00 0.97

Lineage × Sex 9.27E−03 1, 172 0.82 0.37

Standard length × Lineage × Sex 2.00E+00 1, 172 0.80 0.37

Second dorsal spine length

Standard length 3.70E−01 1, 172 36.60 <0.001

Lineage 2.04E−02 1, 172 2.02 0.16

Sex 1.42E−02 1, 172 1.41 0.24

Standard length × Lineage 1.64E−02 1, 172 1.62 0.20

Standard length × Sex 1.49E−02 1, 172 1.47 0.23

Lineage × Sex 6.00E−04 1, 172 0.06 0.81

Standard Length × Lineage × Sex 5.30E−04 1, 172 0.05 0.82

Pelvic spine length

Standard length 3.08E−01 1, 172 25.97 <0.001

Lineage 2.26E−02 1, 172 1.90 0.17

Sex 2.24E−03 1, 172 0.19 0.66

Standard length × Lineage 1.66E−02 1, 172 1.40 0.24

Standard length × Sex 2.64E−03 1, 172 0.22 0.64

Lineage × Sex 6.25E−02 1, 172 5.27 0.02

Standard length × Lineage × Sex 6.43E−02 1, 172 5.42 0.02

Ascending process width

Standard length 5.24E−01 1, 172 38.64 <0.001

Lineage 7.42E−03 1, 172 0.55 0.46

Sex 1.67E−02 1, 172 1.23 0.27

Standard length × Lineage 7.83E−03 1, 172 0.58 0.45

Standard length × Sex 1.63E−02 1, 172 1.20 0.27

Lineage × Sex 7.40E−04 1, 172 0.05 0.82

Standard length × Lineage × Sex 5.90E−04 1, 172 0.04 0.83

Ascending process height

Standard length 2.38E−01 1, 172 45.36 <0.001

Lineage 3.36E−02 1, 172 6.42 0.01

Sex 6.41E−03 1, 172 1.22 0.27

Standard length × Lineage 3.47E−02 1, 172 6.62 0.01

Standard length × Sex 6.40E−03 1, 172 1.22 0.27

Lineage × Sex 8.00E−05 1, 172 0.01 0.90

Standard length × Lineage × Sex 1.00E−05 1, 172 0.0002 0.96

Note: The table shows sums of squares (Sum Sq), degrees of freedom (DF), F−values and p−values 
(bold = p < 0.05) from Type III ANOVAs with standard length, lineage, and sex as factors.

TA B L E  3  Statistical tests for a 
comparison of defence traits between 
wild-caught adult fish from Lake 
Constance and Lake Geneva.
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    |  9HUDSON et al.

To explore the influence of lineage, sex, and their interaction on 
morphological traits of wild adult stickleback we performed type III 
ANCOVAs on log transformed morphological variables in R 3.6.1 (R 
Core Team,  2022) using the car package (Fox & Weisberg,  2019). 
Since the lineages and sexes differed significantly in standard length 
we included standard length (also log transformed) and the interac-
tions between it and our other factors in our models as a covariate. 
For morphological variables relating to the mouth, we used head 
length in place of standard length.

To identify whether there were differences in survival among gen-
otypes and between treatments we performed a generalized linear 
mixed model on the proportion surviving (calculated based on our 
microsatellite genotypes) with treatment, genotype, and their interac-
tion as factors, and pond identity as a random effect. To test for differ-
ences in juvenile body condition and lipid content we performed linear 
mixed-effect models with treatment (oligotrophic or eutrophic) and 
lineage as fixed effects, and pond as a random effect using the R pack-
ages lme4 (Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017).

3  |  RESULTS

3.1  |  Environmental differences between pond 
treatments

To quantify the effect of eutrophication history on the environmen-
tal conditions of our pond treatments we collected data on total 
phosphorus, dissolved organic carbon, chlorophyll a, zooplankton 
abundance, and benthic invertebrate abundance. We found that 

eutrophic ponds had higher levels of total phosphorus, dissolved 
organic carbon, and chlorophyll a than oligotrophic ponds (Table 5; 
Figure  2a–c). Oligotrophic ponds had higher zooplankton density, 
but there was no difference between the treatments in terms of 
benthic invertebrate abundance (Table 5; Figure 2d,e). With respect 
to community composition, our db-RDA of prey presence/absence 
showed divergence in composition (F = 2.93, DF = 1, p = 0.021) be-
tween eutrophic and oligotrophic ponds (Figure  S15), which was 
largely explained by the absence of cyclopoid copepods in all the eu-
trophic ponds, and variation among ponds in the presence/absence 
of isopods (Asellus aquaticus) and caddisfly larvae (Trichoptera sp.).

3.2  |  Morphological differences between wild 
caught adults

Adult fish of the two lineages differed significantly in several mor-
phological traits (see Tables 1–4 and Figures S3–S14 for a complete 
list), but here we focus specifically on those that may have functional 
relevance for foraging and antipredator defence. Firstly, fish of both 
sexes from the Constance lineage were larger (Figure 3a) than those 
from Geneva. With respect to functional mouth traits, there was a 
significant interaction between lineage and sex for opercular four-
bar linkage (Figure  3b, Table  1) indicating females of the Geneva 
lineage can generate more force when opening their jaws than ei-
ther sex from the Constance lineage, while the opposite is true for 
Geneva males. For displacement advantage, there was a significant 
effect of sex and lineage, suggesting that male fish, and fish from the 
Geneva lineage can open their jaws more rapidly (Figure 3c, Table 1). 

TA B L E  4  Mean trait values by population and sex for all morphological measures listed in mm ± SE, with the exception of Displacement 
Advantage, Suction Index, Opercular 4−bar KT, and Plate Number.

Trait Constance ♂ (45) Geneva ♂ (45) Constance ♀ (45) Geneva ♀ (45)

Dorsal mouth protrusion 1.83 ± 0.32 (43) 1.68 ± 0.29 (43) 1.35 ± 0.30 (40) 1.36 ± 0.23 (42)

Lower jaw length 4.24 ± 0.45 (43) 4.44 ± 0.34 (43) 3.68 ± 0.44 (40) 3.70 ± 0.39 (42)

Gape width 5.42 ± 0.74 (43) 5.25 ± 0.64 (43) 4.66 ± 0.60 (40) 4.60 ± 0.51 (42)

Displacement Advantage 3.23 ± 0.54 (43) 3.36 ± 0.44 (43) 3.02 ± 0.47 (40) 3.21 ± 0.39 (42)

Suction index 0.0346 ± 0.014 (43) 0.0470 ± 0.026 (43) 0.0468 ± 0.021 (40) 0.0500 ± 0.018 (42)

Opercular 4−bar KT 6.24 ± 1.19 (43) 6.01 ± 1.24 (40) 6.15 ± 1.39 (39) 6.62 ± 1.04 (39)

Standard length 53.7 ± 3.21 (45) 50.3 ± 2.37 (45) 57.0 ± 3.92 (45) 51.2 ± 3.34 (45)

Body width 4.96 ± 0.44 (45) 5.40 ± 0.47 (45) 4.82 ± 0.43 (45) 5.04 ± 0.46 (45)

Dorsal head length 12.6 ± 0.72 (45) 12.3 ± 0.55(45) 11.7 ± 0.68 (45) 11.3 ± 0.64 (45)

Epaxial height 1.90 ± 0.34 (45) 2.12 ± 0.33 (45) 1.91 ± 0.32 (45) 1.90 ± 0.32 (45)

Eye width 4.79 ± 0.30 (45) 4.72 ± 0.26 (45) 4.54 ± 0.39 (45) 4.46 ± 0.34 (45)

Body depth 12.7 ± 0.78 (45) 13.1 ± 0.62 (45) 14.5 ± 0.98 (45) 13.5 ± 0.84 (45)

Plate number 29.2 ± 5.55 (45) 7.42 ± 2.03 (45) 29.8 ± 1.67 (45) 7.87 ± 4.55 (45)

First dorsal spine length 5.15 ± 0.63 (45) 4.27 ± 0.48 (45) 5.14 ± 0.61 (45) 4.27 ± 0.44 (45)

Second dorsal spine length 5.69 ± 0.61 (45) 4.64 ± 0.44 (45) 5.72 ± 0.71 (45) 4.54 ± 0.41 (45)

Pelvic spine length 8.05 ± 0.85 (45) 6.32 ± 0.75 (45) 8.52 ± 0.93 (45) 6.08 ± 0.74 (45)

Ascending process width 3.08 ± 0.44 (45) 2.88 ± 0.31 (45) 3.37 ± 0.48 (45) 2.91 ± 0.33 (45)

Ascending process height 8.22 ± 0.72 (45) 8.06 ± 0.63 (45) 9.04 ± 0.80 (45) 7.74 ± 0.61 (45)

Note: Numbers in brackets represent the number of individuals measured.
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10  |    HUDSON et al.

Mouth protrusion also showed a significant three-way interaction 
(Table 1), and gape width was marginally significant (p < 0.054) with 
males of both lineage having wider mouths that protrude further, 
with greater dimorphism in the Constance lineage (Table 4). Finally, 
there was a significant interaction between sex and lineage for suc-
tion index, suggesting that females do not differ between lineages 
in the amount of suction force they can generate, while males do, 
with Geneva males being capable of generating greater suction force 
(Figure 3d, Table 1).

The Constance and Geneva lineages differed markedly in de-
fence traits, with Constance fish having more bony lateral plates 
(Figure S11, Table 4), and longer dorsal and pelvic spines (Figure 3e,f, 
Table 3). The width of the ascending process was most strongly pre-
dicted by standard length (but not lineage), while there was an inter-
active effect between sex and lineage on ascending process height 
such that Constance females had significantly taller ascending pro-
cesses (Figure S14).

3.3  |  Body condition, lipid content, and survival of 
juveniles in the pond experiment

We used four informative measures of individual performance: 
Fulton's K (a body condition index), percent lipid content from mus-
cle, fish standard length (mm), and fish mass (g). Our linear mixed-
effect model of fish body condition showed a significant effect of 
lineage but not of the environmental contrast (Table  6). Pairwise 
post-hoc tests showed that fish from the Constance lineage were in 
significantly lower body condition than F1 hybrids and Geneva fish, 
and Geneva fish were in better condition than F1 hybrids (Table 6, 
Figure 4). Our linear mixed-effect model of fish lipid content showed 
a significant effect of lineage but not of the environmental condi-
tions (Table  6). Pairwise post-hoc tests showed that fish from the 
Constance lineage had significantly lower lipid content than F1 hy-
brids, but were not different from Geneva fish. There was no dif-
ference in mean lipid content between Geneva and F1 hybrids. In 

F I G U R E  3  Comparison of morphological traits for wild caught adult female (circles) and male (triangles) fish, of the Constance and 
Geneva lineages. Points represent the mean value with standard error bars. Relative measures refer to the trait measure, divided by fish 
standard length. Panel (a) shows a comparison of fish standard length (measured from tip of the snout to end of the last vertebra) between 
sexes and populations. Panels (b–d) show functional traits that are relevant for fish foraging. Panels (e) and (f) show defensive traits, namely 
the length of the first dorsal spine, and lateral pelvic spine on the right side of the body.
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    |  11HUDSON et al.

the case of survival, our generalized linear mixed model showed a 
significant effect of genotype but not of treatment (Table 6), with 
Constance fish experiencing the lowest survival rates and F1 hybrids 
the highest (Figure 5). Across all ponds, mean survival was lowest for 
Constance fish (39.4% ± 3.98 SE), intermediate for both Geneva fish 
(59.6% ± 1.77 SE) and highest for F1 hybrids (70.6% ± 3.45 SE).

4  |  DISCUSSION

The colonization of Switzerland by threespine stickleback is a com-
plicated mixture of natural range expansion, anthropogenic intro-
ductions from multiple source populations, and secondary contact 
between (at least) three ecologically divergent lineages (Hudson, 
Lucek, et al.,  2021). We know that secondary contact throughout 
the Swiss plateau is occurring, and that hybridization is a common 
feature of the landscape (Lucek et al., 2010; Lucek, Lemoine, & 
Seehausen, 2014; Roy et al., 2015; Lucek, 2016; Marques et al., 2016; 
Marques, Lucek, et al., 2019), but what remains unclear is how intro-
gression among lineages will influence the spread or dynamics of the 
ongoing invasion. Since the two lineages in this study have had a dif-
ferent history of adaptation to freshwater, and are ecologically con-
sistent with how they use their habitat (e.g., Geneva lineage is more 
benthic, Constance lineage more pelagic) we expect this to influence 
both their morphology, and fitness in different freshwater habitats.

From our investigation of wild adult fish, we found that the two 
lineages showed differences in functional mouthpart traits (e.g., 
displacement advantage, suction index, and opercular four-bar link-
age) that were somewhat in line with our expectations based on 
niche use, though not as extreme as classical benthic-limnetic stick-
leback sympatric species pairs (McGee et al., 2013). For example, 
the higher suction index values in Geneva fish suggest heightened 
performance in feeding on attached macroinvertebrates, while 
Constance fish did not show significantly higher displacement 
advantage that would be expected from a planktivorous limnetic 
ecotype (Schmid et al., 2019). It is important to remember that al-
though we treat these two lineages as “benthic-like” (Geneva) and 
“limnetic-like” (Constance) lake ecotypes, they arise from indepen-
dent colonizations in two different watersheds and do not reflect 
a natural case of ecotype divergence. As such, there may be over-
lap in the niche use and diet composition of these lineages (since 
they are not directly in competition for the vast majority of their 
ranges). In our study, the lineages did show sexual dimorphism in 
some functional traits that could suggest sexual divergence in re-
source use (McGee & Wainwright, 2013), which could have impli-
cations for hybrid performance in different habitats. For example, 
previous work has shown that ecotypes differing in functional traits 
can exert strong effects on their ecosystems, altering trophic struc-
ture and community composition (Harmon et al., 2009; Matthews 
et al., 2016; Best et al., 2017). Furthermore, with a more recent ma-
rine ancestry the defensive morphology of Constance lineage fish 
(i.e., long spines, bony lateral plates, Figure 3, Figure S11) may weak-
ened predation pressure in the “marine-like” open water habitat of a TA
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large freshwater lake, such as Lake Constance. Geneva fish, on the 
other hand show the typical reduction in plate number and spine 
length (Figure 3, Figure S11) that is observed in stickleback popula-
tions during freshwater colonization (Foster & Bell 1994; McKinnon 
& Rundle 2002), thus they are likely more vulnerable to predation 
from piscivores, and might be more restricted to habitats with mac-
rophytes as refuge.

In our pond experiment, we found that fish from the Geneva 
lineage, and F1 hybrids consistently outperformed fish from the 
Constance lineage regardless of the environmental context (eu-
trophication history) that they experienced. Such environment-
independent differences in the rank order of survival were 
consistent with a comparable study performed in mesocosms and 
aquaria using the same lineage combinations (Best et al.,  2017) 
(Figure 5). Considering these two studies together, across a broad 
range of scales (aquaria, mesocosms, and ponds) we see consis-
tent, environment-independent fitness differences between these 
introduced lineages, with Constance fish performing poorly in a 
wide range of experimental conditions. The elevated performance 
of F1 hybrids over Constance lineage fish, and in some cases (e.g., 
survival) Geneva lineage fish, suggests that heterosis occurs when 
these lineages hybridize. However, as we only compared F1 hybrids 
to parental lineages, we can only speculate on the effect of contin-
ued hybridization in subsequent generations. The effect of hetero-
sis in natural populations, while common, is often short-lived, with 
collapses in hybrid fitness occurring as backcrossing becomes more 

frequent (Emmrich et al.,  2015). Nevertheless, the production of 
F1 hybrids between these lineages may facilitate spread, as seen in 
other systems (Rius & Darling, 2014; Hahn & Rieseberg, 2017; Shi 
et al., 2018).

Hybrid individuals are often intermediate in morphology and per-
formance (Hatfield & Schluter, 1999; Rundle, 2002; Gow et al., 2007; 
Arnegard et al., 2014), though recent work has shown that in many 
cases they can demonstrate a parental bias (i.e., F1 offspring re-
semble one parent more than the other) (Thompson et al.,  2020). 
Such bias can be beneficial in cases where a contact zone spans a 
variety of environmental conditions or habitat types, as hybrids can 
persist in the habitat of the parent that they resemble, or even in 
novel habitats that are occupied by neither parent when transgres-
sive phenotypes are produced (Abbott et al.,  2010). From our ex-
perimental populations, it is clear that the performance of F1 hybrid 
fish was more similar to that of Geneva lineage fish than Constance 
lineage fish (Figures  4 and 5). Though we have documented mor-
phological differences between adult fish of these lineages, how 
this translates into differences in juvenile growth and survival is 
poorly known. From a recent experimental study, we know that 
lab-reared populations of these lineages and their hybrids differ in 
foraging performance on a mixed community of invertebrate prey, 
and that this performance variation can be attributed to a combina-
tion of morphological and behavioural differences acting in concert 
(Moosmann et al., 2023). Previous work has found that morpholog-
ical intermediacy in second generation hybrids can lead to reduced 

TA B L E  6  Generalized and linear mixed−effect model results for performance measures of pond fish.

Survival (%) Body condition (Fulton's K) Lipid content (% by mass) Standard length (mm) Mass (g)

Predictors Estimates CI p Df Estimates CI p Df Estimates CI p Df Estimates CI p Df Estimates CI p Df

(Intercept) 0.57 0.51 to 0.62 <0.001 10.00 1.25 1.23 to 1.26 <0.001 857.00 13.02 11.48 to 14.56 <0.001 99.00 22.74 21.87 to 23.62 <0.001 857.00 0.15 0.13 to 0.17 <0.001 857.00

Treatment1 (Oligotrophic) 0.01 −0.05 to 0.07 0.700 10.00 −0.01 −0.03 to 0.00 0.153 857.00 −0.23 −1.77 to 1.31 0.769 99.00 0.09 −0.78 to 0.97 0.838 857.00 0.00 −0.02 to 0.02 0.989 857.00

Lineage1 (F1 Hybrid) −0.17 −0.21 to −0.13 <0.001 10.00 −0.08 −0.10 to −0.06 <0.001 857.00 −1.26 −2.20 to −0.33 0.008 99.00 −1.08 −1.34 to −0.82 <0.001 857.00 −0.03 −0.04 to −0.03 <0.001 857.00

Lineage2 (Geneva) 0.14 0.10 to 0.18 <0.001 10.00 0.02 0.01 to 0.04 0.002 857.00 0.74 −0.16 to 1.64 0.107 99.00 1.20 0.97 to 1.42 <0.001 857.00 0.03 0.02 to 0.03 <0.001 857.00

Treatment1 × Lineage1 0.01 −0.03 to 0.05 0.601 10.00 −0.00 −0.02 to 0.02 0.985 857.00 −0.02 −0.95 to 0.92 0.973 99.00 −0.24 −0.50 to 0.02 0.070 857.00 −0.00 −0.01 to 0.00 0.218 857.00

Treatment1 × Lineage2 −0.01 −0.05 to 0.03 0.721 10.00 −0.00 −0.02 to 0.01 0.784 857.00 0.18 −0.72 to 1.08 0.692 99.00 0.21 −0.01 to 0.44 0.063 857.00 0.01 −0.00 to 0.01 0.061 857.00

Random effects

σ2 0.00 0.03 11.33 6.15 0.00

τ00 0.00 Pond 0.00 Pond 3.06 Pond 1.15 Pond 0.00 Pond

ICC 0.51 0.01 0.21 0.16 0.11

N 6 Pond 6 Pond 6 Pond 6 Pond 6 Pond

Observations 18 865 107 865 865

Marginal R2/Conditional R2 0.706/0.857 0.100/0.105 0.057/0.258 0.108/0.248 0.107/0.209

Pairwise Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p

Constance – F1 Hybrid −0.312 0.0348 8 −8.971 <0.0001 −0.1052 0.0143 857 −7.343 <0.0001 −2.000 0.812 97.5 −2.462 0.0409 −2.277 0.219 855 −10.403 <0.0001 −0.0611 0.00578 855 −10.565 <0.0001

Constance – Geneva −0.202 0.0348 8 −5.813 0.0010 −0.1388 0.0148 859 −9.370 <0.0001 −1.785 0.824 97.2 −2.165 0.0824 −0.965 0.226 855 −4.259 0.0001 −0.0363 0.00598 856 −6.073 <0.0001

F1 Hybrid − Geneva 0.110 0.0348 8 3.158 0.0322 −0.0337 0.0127 857 −2.662 0.0215 0.215 0.794 98.3 0.271 0.9605 1.313 0.193 855 6.788 <0.0001 0.0248 0.00511 855 4.847 <0.0001

Note: Data on the proportion of each genotype surviving was analysed with a GLMM, while other performance traits were analysed with LMMs. 
Models below are comparing the effect of treatment and fish lineage on various performance measures with pond identity as a random effect. 
The lower section of this table displays pairwise post−hoc tests between the three fish lineages. Values highlighted in bold represent p < 0.05.
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fitness (Arnegard et al., 2014) but we did not see this in our current 
experiment. From this, we can conclude that further empirical work 
confirming the link between phenotypic patterns and performance 
across a range of environmental conditions could shed light on the 
fitness of hybrid individuals between these lineages.

The environments of our pond treatments differed in prey 
community composition and productivity at the outset of the ex-
periment, yet despite these differences, F1 hybrid fish exhibited 
higher fitness over parental lineage fish in both eutrophic and oli-
gotrophic conditions. Previous experiments comparing divergent 
stickleback ecotypes (benthic-limnetic or lake-stream) in field enclo-
sures have typically found that F1 hybrids have reduced (Hatfield & 
Schluter, 1999; Vamosi et al., 2000) or intermediate (Schluter, 1995; 
Moser et al.,  2015) fitness compared to their parental lineages, 
though in some case F2 backcrosses can exhibit elevated fitness 
(Rundle,  2002). In our experiment, it is possible that the environ-
mental context did not provide an opportunity for the two lineages 
to exhibit differential performance. Though the environmental con-
ditions in our ponds did vary (Figure 2, Table 1), it is likely that pond 
conditions overall were more similar to a shallow littoral habitat, per-
haps more akin to the niche inhabited by Geneva fish. Perhaps this 
explains why the Constance lineage fish consistently perform poorly 
in semi-natural habitats such as ponds or mesocosms. To experimen-
tally simulate the pelagic environment in which Constance stickle-
back are found is extremely challenging and would either require 
whole-lake experimentation, or reciprocal transplant enclosure 

experiments as has been done for benthic and limnetic species 
pairs (Hatfield & Schluter, 1999; Vamosi et al., 2000; Rundle, 2002). 
Although, even in such experiments the limnetic species does not 
outperform the benthic species, but the performance is rather 
equalized (Hatfield & Schluter, 1999; Rundle, 2002).

Threespine stickleback are hyperabundant in Lake Constance 
(Alexander et al.,  2016), and reach exceptionally large body sizes 
compared to other European freshwater populations (Hudson, 
Lucek, et al.,  2021), so why do they consistently perform poorly 
under a broad range of experimental conditions (i.e., in the lab), 
mesocosms, and experimental ponds? Compared to marine ecosys-
tems, food quality is typically lower in freshwater, particularly with 
respect to omega-3 long chain fatty acids (Twining et al., 2021). For 
a marine fish species that has colonized freshwater, this shift in the 
nutritional environment could impose strong selection on both eco-
logical traits (e.g., dietary preferences, habitat use, and morphology) 
and metabolic traits (e.g., in vivo synthesis of fatty acids). Previous 
studies have shown that freshwater stickleback lineages, including 
those in this study, differ in copy number for a gene (FADS2) that is 
responsible for production of an enzyme that catalyses desaturation 
in DHA biosynthesis (Ishikawa et al., 2019). Copy number variation 
in this gene has arisen during the transition from marine to freshwa-
ter, but also during ecological divergence (e.g., lake-stream ecotype 
formation) within freshwater (Ishikawa et al.,  2021). In a previous 
lab experiment, (Hudson, Ladd, et al., 2021) reared these lineages 
and their hybrids on the same diet, and found that Geneva fish can 

TA B L E  6  Generalized and linear mixed−effect model results for performance measures of pond fish.

Survival (%) Body condition (Fulton's K) Lipid content (% by mass) Standard length (mm) Mass (g)

Predictors Estimates CI p Df Estimates CI p Df Estimates CI p Df Estimates CI p Df Estimates CI p Df

(Intercept) 0.57 0.51 to 0.62 <0.001 10.00 1.25 1.23 to 1.26 <0.001 857.00 13.02 11.48 to 14.56 <0.001 99.00 22.74 21.87 to 23.62 <0.001 857.00 0.15 0.13 to 0.17 <0.001 857.00

Treatment1 (Oligotrophic) 0.01 −0.05 to 0.07 0.700 10.00 −0.01 −0.03 to 0.00 0.153 857.00 −0.23 −1.77 to 1.31 0.769 99.00 0.09 −0.78 to 0.97 0.838 857.00 0.00 −0.02 to 0.02 0.989 857.00

Lineage1 (F1 Hybrid) −0.17 −0.21 to −0.13 <0.001 10.00 −0.08 −0.10 to −0.06 <0.001 857.00 −1.26 −2.20 to −0.33 0.008 99.00 −1.08 −1.34 to −0.82 <0.001 857.00 −0.03 −0.04 to −0.03 <0.001 857.00

Lineage2 (Geneva) 0.14 0.10 to 0.18 <0.001 10.00 0.02 0.01 to 0.04 0.002 857.00 0.74 −0.16 to 1.64 0.107 99.00 1.20 0.97 to 1.42 <0.001 857.00 0.03 0.02 to 0.03 <0.001 857.00

Treatment1 × Lineage1 0.01 −0.03 to 0.05 0.601 10.00 −0.00 −0.02 to 0.02 0.985 857.00 −0.02 −0.95 to 0.92 0.973 99.00 −0.24 −0.50 to 0.02 0.070 857.00 −0.00 −0.01 to 0.00 0.218 857.00

Treatment1 × Lineage2 −0.01 −0.05 to 0.03 0.721 10.00 −0.00 −0.02 to 0.01 0.784 857.00 0.18 −0.72 to 1.08 0.692 99.00 0.21 −0.01 to 0.44 0.063 857.00 0.01 −0.00 to 0.01 0.061 857.00

Random effects

σ2 0.00 0.03 11.33 6.15 0.00

τ00 0.00 Pond 0.00 Pond 3.06 Pond 1.15 Pond 0.00 Pond

ICC 0.51 0.01 0.21 0.16 0.11

N 6 Pond 6 Pond 6 Pond 6 Pond 6 Pond

Observations 18 865 107 865 865

Marginal R2/Conditional R2 0.706/0.857 0.100/0.105 0.057/0.258 0.108/0.248 0.107/0.209

Pairwise Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p Estimate SE df t p

Constance – F1 Hybrid −0.312 0.0348 8 −8.971 <0.0001 −0.1052 0.0143 857 −7.343 <0.0001 −2.000 0.812 97.5 −2.462 0.0409 −2.277 0.219 855 −10.403 <0.0001 −0.0611 0.00578 855 −10.565 <0.0001

Constance – Geneva −0.202 0.0348 8 −5.813 0.0010 −0.1388 0.0148 859 −9.370 <0.0001 −1.785 0.824 97.2 −2.165 0.0824 −0.965 0.226 855 −4.259 0.0001 −0.0363 0.00598 856 −6.073 <0.0001

F1 Hybrid − Geneva 0.110 0.0348 8 3.158 0.0322 −0.0337 0.0127 857 −2.662 0.0215 0.215 0.794 98.3 0.271 0.9605 1.313 0.193 855 6.788 <0.0001 0.0248 0.00511 855 4.847 <0.0001

Note: Data on the proportion of each genotype surviving was analysed with a GLMM, while other performance traits were analysed with LMMs. 
Models below are comparing the effect of treatment and fish lineage on various performance measures with pond identity as a random effect. 
The lower section of this table displays pairwise post−hoc tests between the three fish lineages. Values highlighted in bold represent p < 0.05.
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endogenously produce more DHA than Constance fish. Given that 
our experimental treatments are likely lower in food quality than a 
natural lake ecosystem (i.e., predominantly benthic invertebrates, 
and low plankton abundance) it is possible that Constance lineage 
fish were experiencing DHA deficiencies, leading to reduced growth 
and fitness as a result. In the former study, hybrid and backcross indi-
viduals produced more DHA than Constance lineage fish (especially 
males) (Hudson, Ladd, et al., 2021), and thus the additional FADS2 
copies contributed by Geneva lineage parents may help prevent 
DHA deficiency in this environment. Finally, the fitness differences 
observed between lineages may simply be the result of life-history 
variation in growth and time to maturity.

Recombination of genetic variants through hybridization 
can lead to rapid adaptation (Hedrick,  2013; Keller et al.,  2013; 
Marques, Meier, & Seehausen,  2019), but the specific outcomes 
depend on the fitness of hybrids in the environmentally relevant 
conditions in nature. On the one hand, hybridization can intro-
duce alleles (or coadapted gene complexes; Burton et al.,  1999) 

into a population that can serve as a source of variation for selec-
tion to novel environmental conditions (Lewontin & Birch, 1966). 
Previous work has shown that introductions derived from multi-
ple source populations can lead to increased genetic diversity and 
allow for invasive hybrid swarms to spread across a wide range of 
environmental conditions (Lavergne & Molofsky, 2007; Dlugosch 
& Parker, 2008; van Boheemen et al., 2017). On the other hand, 
hybrids may have enhanced fitness over their parental lineages, 
which is defined as heterosis, but the extent of such fitness dif-
ferences can also be strongly environment dependent (Arnold 
et al.,  2012). There is considerable work on the environmental 
dependence and independence of heterosis in natural popula-
tions (Hahn & Rieseberg,  2017; Wagner et al.,  2021; Thompson 
& Schluter, 2022; Thompson et al., 2022). However, the benefits 
of heterosis are often transient in sexually reproducing organ-
isms (Lee,  2002), and may not predict longer term evolutionary 
outcomes in natural populations (Wei & Zhang,  2018; Harkness 
et al., 2019).

F I G U R E  4  In all panels, fish from the Lake Constance lineage are represented in navy, hybrids in violet, and fish from the Lake Geneva 
lineage are in orange. Panels (a–c) show raincloud plots for fish standard length (mm), body mass (g), and body condition (Fulton's K) by 
lineage for all ponds. Dots represent individual fish, box plots show the mean with standard error bars, and histograms show the trait 
distribution. Panel (d) shows the strength of selection by lineage in relation to the total number of surviving juveniles. This was generated 
using the selection coefficient that we calculated based on the surviving fish collected at the end of the experiment. Here, the selection 
coefficient for a given lineage in a single pond is calculated as S = 1 – (number of surviving juveniles of that lineage/number surviving of 
the best performing lineage in that pond), such that the best performing lineage will have a value of 0. Across all ponds in this experiment, 
hybrids experienced the highest survival, hence in each pond S = 0 for hybrids. The survival of Constance and Geneva fish differed, 
depending on the total number of fish surviving in a given treatment, thus, the slope of the lines (i.e., the strength of selection) depended on 
the total number of fish present at the end of the experiment.
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5  |  FUTURE DIREC TIONS AND 
CONCLUSIONS

Knowing that there is the potential for heterosis among divergent 
European stickleback lineages, and that this phenomenon can influ-
ence invasiveness, what might we anticipate for the outcomes of 
secondary contact between them? In the case of benthic-limnetic 
stickleback species pairs, heterosis occurs but its effects are coun-
teracted by environment-dependent hybrid breakdown, with the net 
outcome being ecological speciation (Thompson & Schluter, 2022). 
In the Swiss system however, these populations are not entirely 
sympatric, but rather span a ~300 Km zone of secondary contact. 
Thus, we expect that adaptive introgression will be the more likely 
scenario, with genetic contributions from each lineage driving the 
colonization of different habitats across pre-alpine lake ecosystems. 
Based on the niche use of these lineages in the wild, we might specu-
late that Eastern European alleles will promote the colonization of 
pelagic habitats, while Western European alleles could facilitate 
colonization of streams and littoral habitats. Previous work has al-
ready provided some evidence of this occurring. For example, dif-
ferentiation between lake and stream ecotypes in Lake Constance is 

the result of introgression from Western European alleles across the 
hybrid zone (Marques, Lucek, et al., 2019). In this case, hybridization 
has promoted colonization of stream habitats and rapid divergence 
between lake and stream ecotypes. Two other studies in the same 
region (Lucek, Lemoine, & Seehausen, 2014; Lucek, 2016) have doc-
umented the spread of the fully plated Edac allele, and demonstrated 
that introgression from the Eastern European lineage has facilitated 
range expansion into the pelagic zone of Lake Geneva. Thus, bidirec-
tional gene flow and adaptive introgression appears to have aided 
the Eastern lineage in stream colonization, and the Western lineage 
in lake colonization. From this work and previous experiments (Best 
et al., 2017), we see consistent evidence for F1 hybrids outperform-
ing Constance and Geneva lineage fish. However, as we have yet 
to experimentally establish an ecosystem context where Constance 
fish outperform Geneva fish, we are uncertain how the outcome of 
secondary contact will play out in natural populations.
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