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INTRODUCTION

Phenotypic differentiation among consumer populations 
can evolve quickly in response to different community 
configurations and can include a myriad of traits under-
lying species interactions (Harmon et al., 2019; Holding 
et al., 2018; Levis et al., 2017; Oester et al., 2022; terHorst 
et  al.,  2018). In some cases, trait differentiation among 
consumer populations can be an important determinant 
of prey community structure, namely the relative abun-
dance of species and overall species richness (Govaert 
et al., 2021; Holdridge et al., 2017; McPeek, 2017; Rudolf 
et  al.,  2014). When community context contributes to 
rapid foraging trait evolution of predators, there is a po-
tential for feedback to develop between trait evolution 
and changes in community structure (Hendry,  2016; 
Post et al., 2008; terHorst et al., 2018). Numerous experi-
ments have documented phenotypic effects of consumers 
throughout communities including prey and non- prey 

species (Des Roches et  al.,  2018), which in some cases 
might feedback to affect trait distributions or expres-
sion of subsequent generations (Best et al., 2017; Brunner 
et al., 2017; Matthews et al., 2016). However, only a few 
studies have investigated the role of intraspecific varia-
tion of consumers in driving prey community structure 
in natural systems (Post & Palkovacs, 2009).

The relative importance of consumer traits for shap-
ing prey communities likely depends on complex inter-
plays between various abiotic and biotic factors that 
can shape natural communities (Polis & Strong, 1996). 
Physical and biogeochemical environments, for example, 
can alter resources to affect community structure (Betini 
et  al.,  2016; Leibold et  al.,  1997; Paquette et  al.,  2022; 
Wærvagen et al., 2002), while at the same time, top pred-
ators or parasites can have cascading ecological effects 
on lower trophic levels (Anaya- Rojas et  al.,  2019; Polis 
et al., 2000; Schmitz et al., 2004). Currently, it is largely 
unclear how the outcome of such ecological dynamics 
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Abstract
Differentiation of foraging traits among predator populations may help explain 
observed variation in the structure of prey communities. However, few studies 
have investigated the phenotypic effects of predators on their prey in natural 
communities. Here, we use a comparative analysis of 78 Greenlandic lakes to 
examine how foraging trait variation among threespine stickleback populations 
can help explain variation in zooplankton community composition among lakes. 
We find that landscape- scale variation in zooplankton composition was jointly 
explained by lake properties, such as size and water chemistry, and the presence and 
absence of both stickleback and arctic char. Additional variation in zooplankton 
community structure can be explained by stickleback jaw protrusion, a trait with 
known utility for foraging on zooplankton, but only in lakes where stickleback 
co- occur with arctic char. Overall, our results illustrate how trait variation of 
predators, alongside other ecosystem properties, can influence the composition of 
prey communities in nature.
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interacts with potential feedback between trait evolution 
and community structure.

The trophic interaction between threespine stickle-
back (Gasterosteus aculeatus) and their prey is a useful 
starting point to investigate how consumer trait variation 
can affect ecosystems (Harmon et  al.,  2009; Matthews 
et al., 2016). Stickleback show considerable variation in 
morphology that is often associated with local feeding 
habitats and resource use (Arnegard et al., 2014; Lucek 
et al., 2013; McGee et al., 2013; Schluter, 1993). Previous 
work has related phenotypic variation in some traits to 
prey- specific foraging performance in different environ-
mental contexts, proving their utility (Schluter,  1993; 
Robinson, 2000; Higham et al., 2017; Schmid et al., 2019). 
A separate body of experimental work has investigated 
the effects of lineage divergence on ecosystem processes 
in semi- natural systems (mesocosms; Best et  al.,  2017; 
Harmon et al.,  2009; Rudman et al.,  2015; Des Roches 
et al., 2013) and has related divergence in the morphol-
ogy of stickleback to changes in prey communities 
(Schmid et al., 2019). Combined, these previous studies 
have argued that phenotypic divergence of stickleback 
populations can play a structuring role in prey commu-
nities. Nevertheless, relationships between traits and 
performance might be highly context- specific in relation 
to species interactions and abiotic conditions. In natu-
ral ecosystems, it therefore remains an open question to 
what extent intraspecific variation of stickleback can ex-
plain variation in prey communities among systems.

Here, we use a comparative approach to study driv-
ers of zooplankton community composition among 78 
Greenlandic lakes, with a particular focus on the role of 
stickleback trait variation. Our study system is well suited 
to address this question for several reasons. Firstly, lakes 
in our sampling region are inhabited by comparatively 
simple zooplankton communities (Røen,  1994), which 
allows us to reduce compositional changes to a few rel-
evant dimensions. Secondly, the south of Greenland is 
inhabited by two freshwater fish species, and combi-
nations of their presence/absence are highly replicated 
across a regional landscape. Specifically, following 
postglacial emergence, many lakes were independently 
colonized by threespine stickleback (a planktivore/in-
vertivore) and arctic char (Salvelinus alpinus; a pisciv-
ore/invertivore), resulting in a patchwork of lakes with 
either no fish, only char, only stickleback or both spe-
cies. The networks of lakes in our dataset vary widely in 
their fish community composition, some being entirely 
fishless, some being occupied by either only char, only 
stickleback, or a combination of both. This variation is 
not entirely understood, but presumably reflects histori-
cal and contemporary patterns of both connectivity (i.e., 
colonization potential, access to breeding sites) and local 
environmental conditions (e.g., oxygen concentrations 
under the ice). Finally, the lakes vary in size (0.1–64.5 ha) 
and water chemistry, providing gradients in abiotic 

conditions, which may drive both variation in zooplank-
ton community structure and phenotypic divergence 
among stickleback populations. Overall, this allows us 
to investigate how variation in lake size, water chemistry 
and fish configuration influence zooplankton commu-
nities across our full set of lakes. Furthermore, we can 
focus on lakes with stickleback to test for associations 
between trait variation of stickleback and zooplankton 
community structure.

M ATERI A LS A N D M ETHODS

Study area and sample collection

In 2018 (2–11 August) and 2019 (20 July–22 August), we 
sampled zooplankton from 78 oligotrophic lakes in the 
Kujalleq municipality of southern Greenland. The sam-
pling effort focused on three regions: the islands Akia 
(60°40′42” N, 46°5′39” W) and Tuttutoq (60°49′14” N, 
46°27′51” W), and the mainland surrounding the settle-
ment Qassiarsuk (61°09′00″ N, 45°31′00”W; Figure  1a). 
In our sample, 34 lakes were fishless (hereinafter fish-
less lakes), 8 lakes contained only char (char- only- lakes), 
16 lakes contained only sticklebacks (stickleback- only- 
lakes), and 20 lakes contained stickleback and char 
(stickleback- and- char- lakes). Char- only- lakes occurred 
only in the mainland region, and fishless lakes were un-
equally divided among sampling regions (Figure 1b).

Environmental variation

We obtained lake areas and perimeters from analyses 
of Google Earth satellite images. We assessed maximal 
lake depth by a combination of depth sounding (in larger 
lakes) and manually measuring depth with a rope and 
weight at multiple locations. Lakes were often highly 
irregular in shape, affecting the relationships between 
area, maximal depth, and perimeter. We used the ratio 
between lake area and perimeter (log10(area/perim-
eter)) as a simplified metric of lake morphometry that 
was nevertheless highly correlated with lake area, depth 
and perimeter (Figure S1). This metric has been used in 
previous studies to characterize the availability of lit-
toral and pelagic habitats among lakes variable in size 
(Bolnick & Lau, 2008). As such, the area/perimeter ratio 
(hereinafter lake morphometry gradient) integrates differ-
ent aspects of lake morphometry into one measurement 
and provides more explanatory power in our subsequent 
analyses than surface area or maximal depth alone.

We used a multiparameter sonde (EXO2 modular 
sensor platform [YSI- WTW]), to obtain vertical profiles 
of six physio- chemical parameters (conductivity, fluo-
rescent dissolved organic matter (fDOM), oxygen con-
centration, blue- green algae (BGA), chlorophyll- a and 
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temperature) at the deepest point of the lake (Table S1). 
To avoid sampling the meta-  and hypolimnion in larger 
lakes, we integrated the top layer by calculating the 
mean of the measurements between 0 and 3 m. We per-
formed a principal component analysis (PCA) on the 
water chemistry parameters using the R package vegan 
(Oksanen et  al.,  2019). Conductivity, fDOM, BGA and 
chlorophyll- a had equally strong, positive, loadings on 
PC1, which explained 36% of the total variance in the 
data (Figure S2). Oxygen concentration and temperature 
had opposite loadings on PC2, which explained 25% of 
the total variance (for more detail on the environmental 
variables: Table S1). We used the environmental PC1 as a 
measurement for the chemical lake condition (hereinaf-
ter water chemistry gradient) and the environmental PC2 
as a temperature gradient. Using Type III ANOVAs, we 
tested if lake morphometry, water chemistry or tempera-
ture differed between sampling regions and fish configu-
rations (R package car (Fox & Weisberg, 2019)).

Zooplankton sampling and processing

For zooplankton sampling, we performed vertical tows 
with a plankton net (mesh size 90 𝜇m) at the deepest point 
of each lake. Zooplankton samples were preserved with an 
iodine solution for subsequent analysis of taxonomy (typ-
ically to genus, focusing on crustaceans) and abundance. 
To identify zooplankton, we used previously published 
species lists for the region (Røen, 1994) in combination 
with identification literature (Bledzki & Rybak,  2016). 
Using a standardized approach (see supplement), we cre-
ated an abundance matrix for each lake that contained 
13 taxa in total (Table S3). To simplify subsequent analy-
sis, we combined members of the Chydoridae (Chydorus, 
Acropercus, Alona, Eurycercus) into one category, as they 
typically occurred in only a few lakes and at low abun-
dance. While these species may be ecologically different, 
this taxonomic grouping did not affect the conclusions 
drawn from the analyses.

F I G U R E  1  Environmental context of this study. (a) Zooplankton communities were sampled in 78 lakes in three geographic regions of 
southern Greenland. (b) The sampled lakes differed in the configuration of their fish communities, i.e., the presence and absence of arctic 
char and threespine stickleback (SB) in a factorial design. However, some lake types were unequally distributed among sampling regions with 
char- only lakes occurring only in the mainland region (sample sizes per region: A = Akia, T = Tuttutoq, M = Mainland) (c) Water chemistry 
varied regionally, but was not associated with fish configuration, contrary to lake morphometry: Fishless lakes in our sample were smaller and 
shallower than lakes harbouring fish communities of any kind. The water temperature/oxygen concentration did not differ between sampling 
regions or lake fish configurations. ***p < 0.001.
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Fish sampling and processing

To establish presence/absence of both fish species, we 
employed a combination visual inspection of the lakes 
and trapping methods. Sticklebacks were readily ob-
servable from shoreline surveys within minutes, even 
in populations with the lowest densities. In cases where 
presence of char was uncertain based on visual inspec-
tion alone, we supplemented our assessment by deploy-
ing floating multi- mesh gill nets at the mid- point of the 
lakes. Notably, during gill net trapping, we also cap-
tured stickleback, and there were no discrepancies be-
tween our assessments of stickleback presence/absence 
based on visual inspection, minnow trapping, and gill 
netting.

To collect adult stickleback, we placed 5–10 un-
baited steel minnow traps in the littoral zone between 1 
and 5 m from shore. We set traps for a specific amount 
of time (typically less than 2 h), with a total trapping 
effort per lake ranging from 5.5 to 64 h. This allowed us 
to calculate catch per unit effort as an estimate of stick-
leback population density (CPUE = total catch/total 
trapping hours). While our estimates of stickleback 
densities are based on short trapping periods, they pro-
vide a reliable index that reflects considerable variation 
in stickleback densities among lakes, covering two or-
ders of magnitude. In two cases traps were left over-
night due to exceptionally low stickleback densities, 
which amounted to a total trapping effort of 97.5 and 
95 h, respectively. To collect stickleback, we randomly 
chose and euthanized 50 individuals per lake with 1 g/L 
of ethyl- 3- aminobenzoatemethanesulfonate, took tis-
sue samples (caudal fin and caudal peduncle muscle) 
and measured standard length. Fish were fixed in an 
aqueous solution of formaldehyde (4%). In the labora-
tory, fish were transferred to water before clearing with 
trypsin solution and staining bony structures with aliz-
arin red (Dingerkus & Uhler, 1977; McGee et al., 2013).

Morphological measures

We photographed the stained fish dorsally, laterally with 
mouths closed, and latterly with jaws fully protruded. 
Using the phenotyping pipeline phenopype (Lürig, 2021) 
we placed 13 landmarks on each specimen (Figure  S1), 
with which we measured jaw protrusion (JP), and the 
component traits of three functional trait systems: the 
lever system of the lower jaw, the epaxial- buccal cavity, 
and the opercular four- bar linkage (Figure 2, Table S4). 
Mechanical models allow us to predict the biomechani-
cal function of these trait systems, such as suction forces 
and kinematic transmission. Calculating functions 
rather than relying on raw morphological measures is 
important because in complex trait systems, different 
morphologies can result in the same biomechanical func-
tion (Wainwright et  al.,  2005). For the lever system of 

the lower jaw, we calculated the lever ratio (LR), which 
predicts the displacement advantage during prey cap-
ture (Westneat,  2004). For the epaxial- buccal cavity, 
we calculated the suction index (SI), which reflects the 
ability to generate suction force during feeding (Carroll 
et al., 2004; Wainwright et al., 2007). For the opercular 
four- bar linkage, we calculated the kinematic transmis-
sion (KT), which affects the force and speed of jaw open-
ing and protrusion (Thompson et al., 2017). Despite being 
ratio- based measurements, KT and LR were size depend-
ent, i.e., fish change in shape as they grow larger. To avoid 
variation that could arise from differences in mean body 
size between populations, we standardized KT, DA, and 
the linear measurement JP to a common body length 
(42 mm ≙ mean body size of all fish) following Paccard 
et al.  (2020) (supplementary material). After size stand-
ardization, we took the mean trait value per lake and used 
linear regression and the function anova in the R pack-
age car (Fox & Weisberg, 2019) to test for effects of char- 
presence on body size, the four phenotypic stickleback 
traits and stickleback density (log10(CPUE)).

Statistical analysis of community structure

To analyse effects of abiotic variables, fish configura-
tion, stickleback density and phenotypic variation of 
stickleback on zooplankton communities, we conducted 
a series of distance- based redundancy analysis (db- 
RDA) on the Hellinger transformed abundance- matrix, 
using the R package vegan (see Table 1 for an overview 
of all models run). This ordination method constrains 
axes of community dissimilarity to be a linear combina-
tion of environmental variables. Firstly, using the full 
dataset, we tested for the effects of lake morphometry, 
water chemistry, temperature gradient and fish configu-
ration on the zooplankton composition (db- RDA- 1.0). 
To explore the effects of spatial structure in our dataset, 
we repeated this analysis, adding longitude and latitude 
as spatial components to the model (Figure S5).

Secondly, we explored the effects of the abiotic gra-
dients for each lake- type separately (db- RDA- 1.1–1.4). 
Thirdly, using stickleback- only and stickleback- and- 
char- lakes (total 33 lakes) we tested for effects of pheno-
typic variation and population density of stickleback on 
zooplankton. For this purpose, we performed a db- RDA 
using body size, the four functional traits, CPUE, fish 
configuration and the abiotic gradients as constrain-
ing variables (db- RDA- 2.1). Because some traits were 
affected by char- presence (see below), we additionally 
conducted a db- RDA on the combined stickleback lakes 
using only the traits and density as constraining vari-
ables (db- RDA- 2.2). Finally, we performed db- RADs on 
stickleback- only (db- RDA- 3.1; 14 lakes) and stickleback- 
and- char- lakes (db- RDA- 3.2; 19 lakes) separately, with 
body size, the functional traits, CPUE and the abiotic 
gradients as constraining variables. This allowed us to 
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explore and compare the effects of phenotypic varia-
tion in lakes with and without char. Using the R pack-
age vegan, we performed permutation tests to test for 
overall effects of the constraining variables on the prey 
community structure, and for significance of individual 
variables in explaining community variation.

RESU LTS

Environmental variation

Lakes ranged between 0.1–64.5 ha in surface area and 
0.75–49.5 m in maximal depth. The lake morphom-
etry gradient did not differ between sampling regions 
(F(3,75) = 0.944, p = 0.394), but differed between lakes with 
different fish configurations (F(3,74) = 20.37, p < 0.001). 
Post hoc test (Tukey HSD) revealed that fishless lakes 
were smaller than lakes that contained fish (Figure 1b). 
The water chemistry gradient differed between sampling 
regions (F(2,75) = 36.45, p < 0.001), with the two islands 
having lower values (i.e., lower conductivity, fDOM, 
BGA and chlorophyll) than the mainland (Figure 1b). 
The water temperature gradient did not significantly 
differ between sampling regions (F(2,75) = 2.88, p = 0.062). 
The water chemistry and temperature gradient did not 
differ between fish configurations (F(3,74) = 1.90, p = 0.13; 
F(3,74) = 0.54, p = 0.66). Lake morphometry was neither 
correlated with water chemistry gradients (r(76) = 0.03, 
t = 0.33, p = 0.73) nor with the temperature gradient 
(r(76) = −0.08, t = −0.71, p = 0.48).

Phenotypic variation and stickleback density

Stickleback- only- populations had significantly smaller 
mean body size than populations that coinhabit lakes 
with char (F(1,31) = 6.33, p = 0.02; Figure S3a). Of the four 
functional systems, only KT had significantly larger 

mean trait values in stickleback- and- char- lakes than in 
stickleback- only- lakes (KT: F(1,31) = 4.191, p = 0.049; JP: 
F(1,31) = 3.385, p = 0.075); LR: F(1,31) = 0.146, p = 0.705; SI: 
F(1,31) = 0.003, p = 0.958) (Figure 2). Our estimate of stick-
leback population density (CPUE) did not differ be-
tween stickleback- only and stickleback- and- char- lakes 
(F(1,31) = 0.874, p = 0.357) (Figure S3b).

Fish configuration and abiotic gradients as 
drivers of community structure

The db- RDA on the full dataset (db- RDA1.0) explained 
34.8% (adjusted R2) of the community structure, with 
the interactions between fish configuration and water 
chemistry (F(3,66) = 5.23, p < 0.001), and between fish con-
figuration and lake morphometry (F(3,66) = 7.29, p < 0.001) 
having significant effects. As there was no significant 
effect of the water temperature gradient, we excluded 
it from subsequent analyses. Overall, the constraints 
from the db- RDA analysis resulted in two significant 
axes of community dissimilarity (Table  S3). RDA1full 
reflects a shift in the dominance of the calanoid co-
pepod Leptodiaptomus minutus, relative to other taxa, 
while RDA2full reflects which taxa replace L. minutus 
as it becomes less dominant along RDA1full (Figure 3). 
The model with additional spatial components (latitude 
and longitude) resulted in an R2 of 0.38 and thus only 
explained a marginally larger proportion of the commu-
nity structure than the model without spatial compo-
nent. For further discussion of the effects space in our 
data see supplementary material.

To explore the interaction between the abiotic gradi-
ents and fish configuration, we ran db- RDAs including 
water chemistry and lake morphometry for each lake- 
type separately (db- RDA1.1–1.4). For all lake types, 
RDA1 was associated with a shift in the dominance of 
L. minutus. This axis was significant in all lake types, 
except for stickleback- only- lakes (Table  S3). In fishless 

Model Dataset Constraints

db- RDA- 1.0 Full dataset ~ fish.config. ⤬⤬ (chem. + temp. + morph.)

db- RDA- 1.1 Fishless ~ chem. + morph.

db- RDA- 1.2 Char only ~ chem. + morph.

db- RDA- 1.3 Char- and- stickleback ~ chem. + morph.

db- RDA- 1.4 Stickleback- only ~ chem. + morph.

db- RDA- 2.1 Stickleback lakes ~ fish.config. ⤬⤬ (chem. + 
morph.) + SL + KT + SI + LR + JP + Density

db- RDA- 2.2 Stickleback lakes ~ SL + KT + SI + LR + JP + Density

db- RDA- 3.1 Stickleback- only ~ chem. + morph. + SL + KT + SI + LR + JP + Density

db- RDA- 3.2 Char- and- stickleback ~ chem. + morph. + SL + KT + SI + LR + JP + Density

Note: Models and variables in bold explained a significant proportion of zooplankton composition.

Abbreviations: chem., water chemistry gradient (env. PC1); Density, Catch per unit effort; Fish.config, fish 
community composition; JP, jaw protrusion (JP); KT, kinematic transmission of the opercular four bar 
system; LR, displacement advantage of the lower jaw lever ratio; morph., lake morphometry gradient; SI, 
Suction index; SL, standard length; temp., temperature gradient (env. PC2).

TA B L E  1  Table of the set of db- RDAs 
conducted to explore different drivers of 
community composition.
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F I G U R E  2  The four trait systems (left) used to estimate functional variation in foraging morphology among populations (right). Blue lines 
represent the component traits of the respective traits system, and white points represent the landmarks used for measurement. For more details 
on the trait systems see Table S2 and Figure S1. Phenotypic variation among stickleback populations, plotted as population means for the (a) 
kinematic transmission of the opercular four bar system (KT), (b) displacement advantage of the lower jaw lever ratio (LR), (c) Suction index 
(SI) and, (d) jaw protrusion (JP). Phenotypic divergence between lakes with and without char occurred only in KT. *p < 0.05.
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lakes community structure was driven by water chem-
istry, in char- only- lakes by lake morphometry and in 
stickleback- and- char- lakes by both water chemistry and 
lake morphometry (Figure 4).

Stickleback density and phenotypes as drivers of 
community structure

Db- RDA on the combined stickleback- and- char and 
stickleback- only- lakes (db- RDA- 2.1) including stickleback 
density and traits, alongside the fish configuration and abi-
otic gradients, significantly explained zooplankton com-
position (adj. R2 = 0.38) and was driven by the interaction 
between fish configuration and water chemistry with weak 
evidence for an effect of jaw protrusion (JP, F(1,22) = 3.25, 
p = 0.059). When we repeated this db- RDA including only 
the traits and stickleback density (db- RDA- 2.2), commu-
nity structure could not be significantly explained by the 
constraints (adj. R2 = 0.09; Table S3).

Finally, we conducted db- RDAs on stickleback- 
and- char (db- RDA- 3.1) and stickleback- only- lakes (db- 
RDA- 3.2) separately, including stickleback density, traits 
and the abiotic variables as constraining factors. This 
model significantly explained community structure in 
stickleback- and- char- lakes and was driven by lake mor-
phometry and variation in jaw protrusion (JP: F(1,11) = 3.65, 
p = 0.045), such that L. minutus was dominant in small 

lakes and when stickleback had low jaw protrusion and 
was increasingly replaced by Bosmina as lakes became 
deeper and jaw protrusion larger. The same model could 
not explain community structure in stickleback- only- 
lakes (adj. R2 = −0.70; Figure 5; Table S3).

DISCUSSION

Intraspecific variation in foraging traits arises fre-
quently when predator populations evolve indepen-
dently and under different environmental conditions. 
Ample experimental evidence suggests that such vari-
ation can have community- wide effects. However, 
its importance in driving prey community structure 
in natural systems often remains unclear, especially 
in relation to other abiotic and biotic drivers (El- 
Sabaawi, 2017). Here, we use 78 Greenlandic lakes to 
elucidate how abiotic factors, species interactions and 
intraspecific variation (Figures  1 and 2) impact zoo-
plankton communities. We find that variation among 
zooplankton communities is driven by interactions be-
tween fish community composition and water chemis-
try and lake morphometry, respectively (Figures 3 and 
4). Furthermore, we find that variation in jaw protru-
sion among stickleback populations is correlated with 
prey community structure, but that this phenotypic ef-
fect is conditional on the presence of char (Figure 5). 

F I G U R E  3  Db- RDA of all lake communities. The first two db- RDA axes significantly explain community variation and were associated 
with interactions between fish community composition and lake morphometry and water chemistry, respectively. The first axis explains 27% of 
the total variation and 54% of the constrained variation and reflects a shift in the dominance of the calanoid copepod Leptodiaptomus minutus 
relative to all other common taxa (i.e., Daphnia, Bosmina, cyclopoids and chydoridae). The second axis explains 18% of the total variation and 
36% of the constrained variation and reflects which taxa replace calanoids as they become less dominant. In the case of stickleback- and- char 
lakes, L.minutus became predominantly replaced by Bosmina and by Daphnia and cyclopoids in fishless and char- only lakes. Most stickleback- 
only lakes were dominated by L. minutus.
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Below, we elaborate on how the observed relation-
ships between ecological drivers and prey community 
structure may help us understand the relative role of 
phenotypic variation in shaping communities and the 
conditions under which such effects may arise and dis-
cuss our results in the context of previous work.

Abiotic and biotic divers of zooplankton 
community structure

Among the 78 lakes, zooplankton composition var-
ied along two major axes (Figure  3). The first axis re-
flects a shift in the dominance of the calanoid copepod 

L.minutus relative to all other common taxa. The sec-
ond axis reflects, which taxa replace calanoids as they 
become less dominant. In fishless lakes, the shift in ca-
lanoid dominance was strongly associated with water 
chemistry (Figure  4a). Calanoids dominated in lakes 
with low conductivity, fDOM and chlorophyll and 
BGA, whereas other taxa (Daphnia, cyclopoid copep-
ods etc.) became more frequent as these environmental 
parameters increased. Species turnover along this en-
vironmental gradient may be related to changes in the 
availability of essential resources and/or productivity. 
Variation in water chemistry among our sampling sites 
likely arises from differences in geology and land use 
(Geological Survey of Denmark and Greenland, 2023), 

F I G U R E  4  The effects of gradients in water chemistry and lake morphometry on community structure. In fishless lakes (a), water 
chemistry is strongly associated with a shift in the dominance of L.minutus relative to all other taxa, whereas in char- only lakes (b) this shift 
in dominance is associated with lake morphometry. In stickleback- and- char lakes (c), the shift from calanoid to Bosmina- dominated systems 
is associated with changes in both water chemistry and lake morphometry. With few exceptions, stickleback- only lakes (d) are dominated by 
calanoids, irrespective of abiotic conditions. Regression lines are depicted as a visual aid—significance was determined using distance- based 
redundancy analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
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which are important sources of conductivity variation 
(Wetzel, 2001). One limitation of our study design is that 
environmental variation between our spatially clustered 
sampling sites introduces multicollinearity, which lim-
its our ability to partition purely spatial (e.g., dispersal 
limitation) and purely environmental components of 
community variation (Cottenie, 2005; De Bie et al., 2012; 
Peres- Neto et  al.,  2006). In these remote locations, the 
spatial structure of environmental conditions was un-
known to us when we designed our sampling strategy. As 
a result, a more robust analysis of spatial environmental 
variation would require sampling more fish configura-
tions within each spatial region.

Variation in conductivity—a measure of dissolved 
ions—explained some variation in community compo-
sition. In our sampled lakes, very low levels of conduc-
tivity (22–175 μS × cm − 1) might lead to ion limitation 
for certain species. For example, species differ widely in 
their calcium requirements (Betini et al., 2016; Wærvagen 
et  al.,  2002; Wetzel,  2001). Large- bodied and calcium- 
demanding species, such as Daphnia, are more likely 
to occur in calcium- rich environments, whereas species 
with low calcium demands (e.g., calanoids, Bosmina) 
can thrive in calcium- poor environments (Pinel- Alloul 
et al., 1995; Wærvagen et al., 2002). Shifts from calanoid 
to cladoceran- dominated systems have also been associ-
ated with increasing primary production, resulting from 
a competitive advantage of cladocerans over calanoids 
in more productive systems (McNaught,  1975). An in- 
depth analysis of the mechanisms by which water chem-
istry drives the zooplankton community would require 
measuring water chemistry in more detail (e.g., concen-
trations of calcium and other ions) as well as additional 

environmental parameters that are known to affect 
zooplankton communities in lake- ecosystems (Gray 
et al., 2021).

The zooplankton composition of char- only- lakes largely 
overlapped with that of fishless lakes, suggesting that char have 
limited direct effects on the zooplankton (Figure 3). This re-
sult is somewhat contrary to previous findings demonstrating 
significant suppression of cladocerans by char in Greenlandic 
lakes (Jeppesen et al., 2001). Char often undergo adaptive di-
vergence, resulting in trophic polymorphisms ranging from 
planktivores to piscivores (Doenz et  al.,  2019; McCarthy 
et al., 2004). Thus, the ecological impact of char may depend 
on the ecotypes present in a lake. Only a few of our study lakes 
have multiple species of char, and so we do not have sufficient 
replication to test for the effects of char speciation on either 
stickleback phenotype or overall trophic structure. Calanoid 
dominance in char- only- lakes was correlated with increasing 
lake size, but not with water chemistry (Figure 4b). However, 
we may lack sufficient power to detect the latter because our 
sample is restricted to only eight char- only- lakes and these 
occur along a limited environmental gradient and from only 
one of our spatial sampling regions.

The zooplankton communities in lakes with stick-
leback markedly differed from those in fishless-  and 
char- only- lakes (Figure  3). With few exceptions, 
stickleback- only- lakes are dominated by calanoid co-
pepods, irrespective of lake conditions (Figure  4d). 
Calanoids are well known to be highly evasive prey 
items due to their efficient sensory- motor system and 
escape response (Yen et al., 2015) and potentially cryp-
tic coloration (Oester et al., 2022). As such, they may 
be the only macrozooplankton taxon in the system that 
can sustain viable populations under intense predation 

F I G U R E  5  The effects of intraspecific- trait variation in driving community structure, relative to other ecological factors. Most 
stickleback- only lakes have very similar zooplankton communities (near 100% calanoid copepods), while stickleback- and- char lakes have more 
variable communities that are driven by lake morphometry and jaw protrusion (*p < 0.05.). JP, Jaw protrusion; KT, kinematic transmission; LR, 
lower jaw lever ratio; SI, suction index; SL, standard length.
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pressure in stickleback- only- lakes. This is broadly con-
sistent with previous evidence from other natural sys-
tems (Jeppesen et al., 2017; Rudman & Schluter, 2016) 
and experimental contexts (Best et  al.,  2017; Harmon 
et  al.,  2009; Rudman et  al.,  2015) demonstrating that 
stickleback can strongly alter pelagic prey communi-
ties. For example, Harmon et  al.  (2009) found that a 
limnetic stickleback lineage was able to eliminate cala-
noid copepods (Diaptomus sp.) in mesocosms, whereas 
these copepods persisted in the presence of more ben-
thic lineages.

In stickleback- and- char- lakes, the controlling effects 
of stickleback were less pronounced and other taxa than 
calanoids could rise to high frequency in some lakes. 
However, contrary to fishless lakes, calanoids were pre-
dominantly replaced by Bosmina, rather than Daphnia 
and Cyclopoids (Figure 3; RDA2). This pattern of spe-
cies turnover was associated with increasing conductiv-
ity/fDOM/chlorophyll/BGA and lake size. Contrary to 
Daphnia, Bosmina has relatively low Ca2+ requirements 
(Jeziorski et  al.,  2014). The shift in relative abundance 
along a water chemistry gradient may therefore arise 
from increasing primary production associated with 
higher chlorophyll levels, rather than from changes in 
conductivity. Bosmina often co- occur with fish, likely 
because they can evade predation more efficiently than 
other cladocerans due to their small body size (Brooks & 
Dodson, 1965; Jeppesen et al., 2017). Thus, char- presence 
may reduce overall planktivory by stickleback and allow 
Bosmina to establish populations, in the absence of 
competing cladocera. Greater lake depth may further 
limit the exposure of Bosmina to stickleback predation 
(Korosi et al., 2013), especially if char- presence reduces 
pelagic foraging activity of stickleback (Jakobsen et al. 
1988).

Overall, our analyses highlight the role of stickle-
back in structuring zooplankton communities, and the 
role of char in altering top- down effects of stickleback 
(Jeppesen et al., 2017). Given the notable similarity be-
tween fishless and char- only- lakes, it is unlikely that char 
and zooplankton have strong direct interactions in our 
study system (but see Jeppesen et  al.,  2001). Although 
especially juvenile char can be planktivorous (Eloranta 
et al., 2010), other studies found that young- of- the- year 
char prefer streams as feeding habitats (Sinnatamby 
et al., 2012). We therefore suggest that zooplankton com-
munity differences between stickleback systems with and 
without char arise from an indirect ecological interac-
tion between char and zooplankton that is mediated via 
stickleback. Such indirect ecological effects can arise, for 
example, when top predators reduce the density of con-
sumers and thereby lessen predation pressure on lower 
trophic levels (Polis et al., 2000). This can lead to shifts in 
prey community composition when prey species respond 
differentially to changes in consumer densities (“species- 
level trophic cascade”; Polis et al., 2000). Alternatively, 
top predators may affect consumer traits and thereby 

change the interaction between consumers and prey. 
Such trait- mediated indirect effects may involve be-
havioural changes, such as a decrease in consumer activ-
ity or habitat switching (Křivan & Schmitz, 2004), and 
plastic or heritable changes in morphology, physiology 
and life history (Utsumi et al., 2010).

Trait- mediated community- wide effects depend 
on predation regime

In stickleback- and- char- lakes, the shift from calanoid- to 
Bosmina- dominated communities was associated with 
increasing mean jaw protrusion (Figure  5), supporting 
the prediction of previous experimental findings that jaw 
protrusion may act as a community- effect trait (Schmid 
et al., 2019). In stickleback, divergence in jaw protrusion 
has been repeatedly associated with local adaptation to 
pelagic habitats (McGee et al., 2013; Schmid et al., 2019). 
Biomechanical analysis has provided evidence that 
greater jaw protrusion improves prey- capture perfor-
mance, particularly on evasive copepods (Holzman & 
Wainwright,  2009; Holzman et  al., 2008; Schmid et  al., 
2019; Yen et  al.,  2015). In an experiment, Schmid et  al. 
(2019) tested the utility of stickleback traits when forag-
ing in a mixed pelagic prey community. In this small scale 
(15 L tanks), short- term (8 min) experiment, greater jaw 
protrusion increased capture- success on the most evasive 
prey items (copepods) but was unrelated to prey capture- 
success of less evasive cladocera (Bosmina and Daphnia). 
The same study analysed the resulting change in the zoo-
plankton community and compared it to the outcomes of 
a longer- term (ca. 12 weeks) mesocosm experiment using 
the same populations (Matthews et al., 2016). While the 
overall effects of stickleback predation were strong on all 
taxa, populations with larger jaw protrusion removed a 
proportionally higher biomass of copepods than of clad-
ocera, at both the tank and the mesocosm scale.

The outcomes of these experimental studies are 
strikingly similar to the patterns we observe among 
stickleback- and- char- lakes (but not stickleback- only- 
lakes), where greater jaw protrusion of stickleback 
populations is associated with a shift towards more 
cladocera- dominated systems. But why does increased 
jaw protrusion benefit Bosmina over calanoids, and 
why is this response dependent on the presence of char? 
Calanoid copepods are exceptionally nutritionally valu-
able (Hudson et  al.,  2021; Twining et  al.,  2021) but are 
also highly evasive prey (Yen et al., 2015). As such, cala-
noids might be preferentially targeted by stickleback 
populations that can catch them (e.g., due to high jaw 
protrusion). We propose that variation in jaw protru-
sion alters the interaction strength between stickleback 
and calanoids and thereby directly or indirectly affects 
the performance of Bosmina populations. For example, 
increased predation on calanoids may reduce preda-
tion pressure on Bosmina below a threshold that allows 
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Bosmina populations to establish. However, predation 
pressure on Bosmina may only fall below this threshold in 
stickleback- and- char- lakes, where we expect that overall 
predation pressure from stickleback in the pelagic zone 
is relatively low. While we have not found an effect of 
char on stickleback density, stickleback may shift their 
habitat use from the pelagic to the littoral zone when fac-
ing predation by piscivorous fish (Jakobsen et al. 1988). 
In stickleback- only- lakes, negative effects of increased 
predation pressure in the pelagic by stickleback may 
outweigh the more subtle, indirect positive effects of in-
creased jaw protrusion on Bosmina.

In this study, we focused on zooplankton, however, 
experimental work suggests that foraging performance 
on benthic prey may be equally phenotype- dependent 
(Moosmann et  al. 2023). We therefore suggest that fu-
ture studies include analysis of benthic invertebrates, 
which are an important part in the diet of stickleback 
(Bergersen 1996).

CONCLUSION

There is a recognized need to detect eco- evolutionary dy-
namics and understand their context dependence, in nat-
ural systems (Catford et al., 2021; De Meester et al., 2019). 
This study links phenotypic variation in functional mor-
phology among stickleback populations with variation 
in the structure of their prey communities. This link may 
be interpreted in three ways: (i) predator- phenotypes 
and prey community structure are not mechanistically 
related but share underlying causes of variation, (ii) vari-
ation in morphology of predators arises as a (plastic or 
evolutionary) response to differential prey communities, 
and (iii) variation in morphology of predators affects 
prey communities. It is notoriously challenging to infer 
causal relationships from comparative data, especially 
since, in our case, the latter two interpretations are not 
mutually exclusive. However, in the context of previous 
findings, our results yield important insights. Previous 
experimental work has successfully established a mecha-
nistic relationship between jaw protrusion and both for-
aging performance and zooplankton community change 
(Schmid et al., 2019). These results have highlighted the 
potential for an interplay between evolutionary and eco-
logical dynamics, where communities impose selection 
on foraging morphology and changes in foraging mor-
phology shape communities. This study adds to a grow-
ing body of evidence that such an interplay may play a 
role in shaping the community dynamics of ecosystems 
in nature. We propose that more experimental and com-
parative work is necessary to understand the interplay 
between evolutionary trait changes and community dy-
namics in nature, such as tests of differential selection 
between resource environments (Bolnick & Lau, 2008), 
and transplant experiments to disentangle trait- mediated 
effects from alternative mechanisms.
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