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Little is known about the ecosystem effects of locally adapted populations. The filter

feeding copepod Eurytemora affinis is an abundant and important zooplankton in coastal

waters that consist of a cryptic species complex with locally adapted populations. We

used a mesocosm setup to investigate population and ecosystem interactions of two

populations from the Baltic Sea with different morphology and life history traits. One

population is laterally wider, larger-sized, more fecund, and have higher growth rate than

the other. The experimental ecosystems varied in algae community (pelagic algae, and

pelagic algae + benthic diatoms) with two resource supply scenarios. Results showed

that the large-sized population is a more effective grazer. In low resource supply the

small-sized population starved, whereas the large-sized population was unaffected,

resulting in a larger population increase of both nauplii and copepodites than for the

small-sized population. Addition of benthic diatoms to the pelagic algae community

had much more negative effects on the reproduction of the large-sized population.

This suggests that the large-sized population feeds near benthic to a greater extent

than the small-sized population, and that filamentous benthic diatoms interfere with

the grazing process. Despite the negative effects of benthic diatoms, the large-sized

population could maintain similar or higher reproduction than the small-sized population.

In addition, the high grazing efficiency of the large-sized population resulted in a different

community composition of algae. Specifically, flagellated species and small sized benthic

diatoms were more grazed upon by the large-sized population. Our results show that

morphologically divergent, yet phylogenetically closely related zooplankton populations

can have different ecosystem functions, and in turn have different population increase in

response to resource supply and algae community.

Keywords: local adaptation, common gardening experiment, intraspecific variation, ecological-evolutionary

dynamics, resource specialization, morphological divergence, niche partitioning, size efficiency

1. INTRODUCTION

The number of species in an ecosystem and their traits affect diverse ecosystem processes (Hooper
et al., 2005). A key question is whether the species or their traits are the best predictor of ecosystem
functions because variation within species, such as differences in resource specialization and life
history traits (e.g., growth and fecundity) can affect ecosystem processes (Harmon et al., 2009;
Bassar et al., 2010; Walsh et al., 2012). Consequently, variation in ecosystem processes can be larger
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within species than between species (Gianuca et al., 2016) and
not all conspecifics can be regarded as ecologically equal (Bolnick
et al., 2002). Furthermore, interactions of species and ecosystems
are bilateral so that species may diverge depending on the type of
habitat (Marklund et al., 2018).

Many species exhibits adaptations dependent on attributes
in their local habitat. Differences between locally adapted
populations can be quantified by rearing populations in
a common garden where the environments are identical
for all individuals (Falconer and Mackay, 1996), thereby
the environmental source of phenotypic variance between
populations can be eliminated. Hence the phenotypic variance
of a quantified trait is caused by genetic variance when the
environment is identical. In addition, locally adapted populations
may have different ecological effects (Schoener, 2011), which can
be estimated by common gardening experiments. The difference
between a common garden and a common gardening experiment
is the switch of focal point. In the former the focus is on the
environmental effects on phenotypes. In the latter the focus is on
the effect of phenotypes on the environment. Therefore, there are
two focal points for delineating evolutionary diversification: the
effect of ecology on phenotypes, and the effect of phenotypes on
ecology. By constructing common gardening experiments, where
one put specific phenotypes (e.g., populations) in replicated
ecosystems, it is possible to quantify both of these effects
(Matthews et al., 2011b, 2014).

Overlooking divergence within species results in loss of
information about how organisms interact with and shape
their ecosystems. A common procedure when conceptualizing
ecosystems is to use a trait-based approach (Litchman et al., 2013;
Colina et al., 2016). However, to describe trait diversity correctly
one has to acknowledge that traits diverge also within species.
For instance, in a fish species when averaging consumption of
benthic and pelagic resources it seems as if fish are connectors
of the pelagic and benthic food webs (Schindler and Scheuerell,
2002; Vander Zanden and Vadeboncoeur, 2002). However, when
accounting for that fish can specialize for either benthic or pelagic
resources it seems as if they disconnect these two food webs
(Quevedo et al., 2009). In fish, there are many examples of
how adaptive radiations and plastic specializations in resource
use have caused intra-specific morphological variation, which
results in different ecosystem effects by the differentmorphotypes
(Harmon et al., 2009; Palkovacs and Post, 2009; Post and
Palkovacs, 2009; Lundsgaard-Hansen et al., 2014). In addition
to morphological traits, life history traits such as divergence in
populations’ growth rates and fecundity can affect ecosystem
processes differently (Bassar et al., 2010; Walsh et al., 2012).
Furthermore, traits that diverge under artificial selection can
have different effects in experimental ecosystems (Becks et al.,
2010; Pantel et al., 2015), giving a direct link from adaptation to
ecosystem effects.

The focal species in the present study is the calanoid copepod
Eurytemora affinis (Poppe, 1880), a dominant zooplankton
species in estuaries in the northern hemisphere and an important
grazer and prey for fish (Hernroth and Ackefors, 1979; Diekmann
et al., 2012; Rajasilta et al., 2014). It consists of a cryptic species
complex (Lee and Frost, 2002) and inter-population crosses

have shown that certain populations cannot reproduce further
than two generations (Lee, 2000). Specifically, in the Baltic Sea
the great morphological variation in E. affinis have led to past
taxonomic confusion and classification into invalid species (Lee
and Frost, 2002; Sukhikh et al., 2016) because the females of some
populations can be larger, laterally wider, and carry more eggs
than others do (Gurney, 1931).

Revisions of the E. affinis species complex have been ongoing
since it was first described by Poppe (1880) and Gurney
(1931). Recently, a new species within the complex, Eurytemora
carolleeae, was described (Alekseev and Souissi, 2011). This
species originate from the North American east coast and is
listed as an invasive species in the Baltic Sea, with occurrences
in the Gulf of Finland and the Gulf of Riga (Alekseev and
Souissi, 2011; Sukhikh et al., 2013). The morphological traits
used to discriminate between E. affinis and E. carolleeae are non-
adaptive (Alekseev and Souissi, 2011; Sukhikh et al., 2013; Lajus
et al., 2015), and thus unlikely to have any ecosystem effects
(Matthews et al., 2011a). Furthermore, taxonomic classification
based onmorphology alone is not distinct because some key traits
overlap between the two species (Sukhikh et al., 2013; Vasquez
et al., 2016) and differentiate between E. affinis populations
(Sukhikh et al., 2016). Therefore, we use the E. affinis species
name throughout and refer to the E. affinis species complex in
the present study.

A previous common garden experiment revealed differences
in development time as a response to temperature between
Baltic Sea E. affinis populations, where a population from
the Gulf of Riga (Pärnu Bay) had similar (12 and 17◦C) or
shorter (22.5◦C) development time than a population from the
Swedish coast (Stockholm Archipelago) (Karlsson and Winder,
unpublished data). Females from the Gulf of Riga population
also appeared to have a larger body size than the Swedish coast
population, which was however not quantified. For copepods
in general, development time increase with species size and
fecundity (Allan, 1976; Gillooly, 2000), thus this large-sized
population breaks this norm. The trait differences between
the two populations’ may affect ecosystem processes, such as
differences in prey size spectra, prey selection, and grazing
efficiency (Bassar et al., 2010; Walsh et al., 2012; Gianuca et al.,
2016).

The aim of this study is to (i) describe and quantify
morphology and fecundity in a common garden experiment
and (ii) quantify ecosystem responses and reciprocal effects in
a common gardening experiment (mesocosms) of these two
E. affinis populations from the Baltic Sea. We constructed
mesocosm environments with two types of algae (prey)
community and two types of resource supplies. To investigate if
the described trait differences affect feeding efficiency and algae
community, and the reciprocal effects of algae community and
resource supply on population growth, female prosome length,
and clutch size. Algae community included two treatments one
with pelagic species and one with pelagic species plus benthic
diatoms, resource supply included two levels of nutrients. The
mesocosm experiment lasted for 14 days, which corresponds
to approximately one generation time for both populations at
the experimental temperature of 17◦C (Karlsson and Winder,
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unpublished data). We hypothesized that populations would
differentiate over the algae treatment if they diverged in their
feeding behavior and resource specialization, and differentiate
over the resource supply treatment if they diverge in their
demand for food and feeding efficiency.

2. MATERIALS AND METHODS

2.1. Sampling and Rearing of Cultures
No specific ethical permits were needed for research on
invertebrate crustaceans. This study does not include vulnerable
populations and endangered animal species. Populations were
sampled in spring 2014 in the Stockholm archipelago at
Askö monitoring station B1 (hereafter referred to as STHLM)
58◦48.19′,17◦37.52′ (latitude, longitude) and in summer 2014 in
the Pärnu Bay a shallow inner part of Gulf of Riga (hereafter
referred to as GOR) 58◦21.67′, 24◦30.83’ by vertical tow nets.
More than 300 adult copepods were taken from the samples and
used to start stock cultures. Before measurements of morphology
and clutch size (number of eggs), stock cultures were kept for a
minimum of three generations to reduce imprints of maternal
effects (Sanford and Kelly, 2010) in 3 L (Exo TerraTM) aquariums
at 17◦C and 7 PSU and fed with the cryptophyte Rhodomonas
salina. Aquariums were aeriated by gently stirring the water once
a day. Before the mesocosm experiment, cultures were kept for
at least three generations in 45 L plastic tubs at 15◦C and 7
PSU and fed with the cryptophyte Rhinomonas nottbecki. The
two experiments were separated in time by 2 years, from 2014
to 2016 and during this time we predict that approximately 42
generations have past, given a generation time of 17 days at 15◦C
(Karlsson and Winder, unpublished data).

The zooplankton were at all times kept in tap water that had
been circulated for about a week in an aquarium with gravel from
a freshwater stream to condition the water for aquatic organisms
(reduce chlorine and excessive gas); to adjust the right salinity we
used Instant OceanTM sea salt.

2.2. Common Garden Experiment:
Measurements of Morphology and Clutch
Size
In autumn 2014 we started up 5 cultures per population by
taking 10 egg carrying females from our stock cultures into 3 L
aquariums with GF/F WhatmanTM filtered aquarium water of
2 PSU. The copepods were fed ad libitum of the cryptophyte
Rhodomonas salina (100,000–200,000 cells ml−1). More than
27,000 cells ml−1 did not increase egg production (a proxy for
growth in adult female copepods) in Acartia tonsa (Kiørboe
et al., 1985) a copepod of similar size as E. affinis. As soon
as the daughters of the inoculated females had developed egg
sacks they were picked out to be photographed dorsal or ventral
side, measured (prosome length), and the number of eggs in
each female clutch were counted. We sampled 50 females per
population, 10 from each culture.

We measured shape and size of the females’ prosomen with
14 landmark data points from the digitized images. To visualize
shape of the two populations we ran a principal component

analysis with the landmark data (14 x and 14 y coordinates,
in pixel units), made by R package geomorph (Adams and
Otarola-Castillo, 2013), and depicted the individuals of each
population that hadminimum andmaximum values on principal
component 1 (Figures 1, 2). We computed landmarks with
the software packages tpsUtil and tpsDig2 (Rohlf, 2011b,
2013). We computed partial warps, uniform variables, and
centroids with tpsRegr (Rohlf, 2011a). To test if shape differed
between populations we used a MANCOVA with partial warps
(11 x and 11 y) and uniform variables (1 x and 1 y) as response,
size (centroid of each specimen) was included as covariate, and
population as explanatory variable. The centroid size is calculated
in pixel units as the square root of the sum of squared landmark
distances to the centroid, which is a two-dimensional measure
of size (1 pixel correspond to ca 0.89 µm). The interaction of
population and size was not significant, thereby we concluded
that the size and shape slopes of both populations do not
differ, and therefore removed the interaction and use size as
covariate (Engqvist, 2005). We used a two-way ANOVA to test
the interaction of prosome length and population on clutch
size. Furthermore, we followed up this analysis with a one-
way ANOVA to test for differences in prosome length between
populations.

2.3. Common Gardening Experiment: Set
Up and Treatments
For the common gardening experiment, we used three types
of factors each with two levels of treatment: two zooplankton
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FIGURE 1 | Principal component axes 1 and 2 of shape variation of

Procrustes aligned specimens for the STHLM (orange) and GOR (blue)

E. affinis populations, individuals with minimum and maximum value on

principal component 1 from the respective population are marked out. These

individuals are depicted in Figure 2.
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populations (STHLM and GOR), two nutrient treatments (low
and high), and two types of algae community (pelagic and pelagic
+ benthic diatoms). We replicated each factor combination 10
times, summing up to 80 mesocosms (2 × 2 × 2 × 10). For
control treatments we used factor combinations of nutrient levels
and algae community without zooplankton, replicated 5 times,
summing up to 20 control mesocosms (2× 2× 5).

The mesocosms were 3 L plastic aquariums (Exo TerraTM)
filled with GF/FWhatmanTM filtered aquarium water, placed in a
rooftop greenhouse at the Department of Ecology, Environment
and Plant Sciences at Stockholm University. The mesocosms
received natural light as well as light from metal halide lamps
in 12:12 h night:day cycle, with an average 55.8 (range 16.7,
202.1) µmol m−2 s−1 on the bottom of the mesocoms. Average
temperature during the experiment was 17.0◦C, but oscillated
during the night day cycle and was highest just before lamps
turned off (average 18.8◦C, range 16.8–20.6◦C) and lowest just
before lights turned on (average 14.9◦C, range 13.6–15.9◦C). We
added nutrients and Instant OceanTM sea salt while the water
was separated into two containers one for low and one for high
resource supply treatment, water was later portioned out to the
mesocosm after thoroughmixing.We added 57.6 µmol L−1 SiO4,
28.4 µmol L−1 of NO3, and 2.4 µmoles L−1 PO4 to the high
resource supply treatment, for the low nutrient treatment the
respective concentrations were 30.6, 12.9, and 1.1 µmol L−1.
Ratios of Si:N:P were similar for the high and low resource supply
treatment with 24:12:1 and 28:12:1, respectively. We further
added micronutrients, B vitamins, and peat extract (Table S1).
Concentrations of NO2 + NO3 and SiO4 (Figure S1) were higher
than deliberately, suggesting that additional nutrients came into
the mesocosm from either the algae or zooplankton cultures.
Either way, the contrasts of resource supply treatments were
clearly visible and quantifiable. We added salt to reach a salinity
of 10 PSU, which was a salinity where both zooplankton and algae
could coexist.

The two communities of algae consisted of either five pelagic
species or the same pelagic species plus an addition of three
benthic species (Table S2). The pelagic species were: the pooled
sample of R. nottbecki and R. salina referred to as cryptophytes,
Heterocapsa triquetra, Pseudoscourfeldia marina, Skeletonema
marinoi, and Isochrysis sp. The benthic species where the pooled
sample of Nitzschia aurariae and Navicula perminuta, Melosira
sp., and Fragilaria sp. We selected algae species that belonged
to some of the commonly found taxonomic classes in the Baltic
Sea, with the compromise that they should be readily cultured
in lab conditions on the same growth media (Table S1) and
at the same salinity (10 PSU). We added the pelagic species
in equal amounts to all mesocosms and the benthic species
in equal amounts to half of the mesocosms. Therefore, at the
beginning of the experiment the benthic treatment contained
more food than the pelagic, but over time the amount of
food was constrained to the concentration of nutrients. We
inoculated the mesocosms by adding 1 ml from the same
homogenized culture to each mesocosm for each species of
algae. The inoculation concentrations were measured on the
start day (October 4th) from Lugol-preserved samples diluted
10 times and placed in a tubular plankton chamber. We then

FIGURE 2 | Pictures of E. affinis individuals with minimum and maximum value

on principal component 1 from the respective population, these individuals are

marked out in Figure 1. Pictures include locations of the 14 landmarks used in

the principal component analysis. The prosome lengths of the individuals

depicted are 833 and 776µm for STHLM min and max, and 833 and 923µm

for GOR min and max, respectively. Note that the pictures are meant to show

variation in shape and not in size and length. The scale of the pictures are

2,300µm wide and 1,725µm high.

took pictures by inverted light microscopy at specific locations
in the chamber and calculated the number of cells per picture
by EBImage R package (Pau et al., 2010), these numbers
were calculated back to cells ml−1 algae ml−1 algae culture
(Table S2).

One day after mesocosm setup, we added zooplankton from
the stock cultures that consisted of similar ratios of nauplii,
copepodites, and adults for both populations. Zooplankton were
added by taking aliquots of the thoroughly mixed stock cultures
to each mesocosm. We added slightly less individuals from the
GOR population since these individuals are larger to get similar
zooplankton bio-volumes for both populations. Aliquots (n =10)
of the starting concentrations for each population were put in
4% formalin to be counted and measured. For these samples
we counted the number of nauplii in stage 1–3 and 4–6 and
copepodites in stage 1–3 and 4–6 (where stage 6 are the adults),
and made measurements of length, width, and depth of the
prosome body for all individual life stages. We then calculated
the average bio-volume for an individual within one of these
four groups by using the volume of an ellipse and multiplied the
bio-volume with the number of individuals in the corresponding
life-stage interval. Subsequently, we used the bio-volume sum in
each sample to test if initial volumes were different for the two
populations by a t-test.

2.4. Common Gardening Experiment:
Sampling and Sample Analysis
We took two types of algae samples, one to measure relative
fluorescence units (RFU) and one to count and identify the
algae. We took samples directly after the mesocosms were gently
stirred. RFU samples were measured in a TrilogyTM fluorometer
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(Turner design), samples for counts were preserved in acidic
Lugol, and were counted with an inverted light microscope.

We counted cryptophytes, H. triquetra, Fragilaria sp., and
Melosira sp. in continuous transects (field of view) over the
full diameter of the chamber at 100 times magnification. We
counted N. aurariae and N. perminuta in a continuous transect
in 400 times magnification, and the smallest species P. marina,
Isochrysis sp., and S. marinoi in 20 fields of view in a transect
at 1,000 times magnification. We took samples of both RFU
and Lugol on day 2, 6, 10, and 14. For RFU we measured all
100 mesocoms at each sampling occasion. Samples for counts
of the pelagic species were 5, 2, 5, and 2 samples per treatment
combination (including controls) and respective day. Samples for
counts of the benthic species were 5, 2, 5, and 2 per treatment
combination of the controls; and 5, 4, 7, and 2 per treatment
combination with zooplankton.

At the same days as algae sampling we took two samples per
treatment combination of free phosphate (PO4), nitrite + nitrate
(NO2 +NO3), ammonia (NH4), and silicate (SiO4) by filtering 10
ml water through a 0.45 µm filter and then analyzing the filtrate
in a segmented flow analysis (Figure S1).

At the end of the experiment on day 15 (14 days after copepod
innoculation), which corresponds to the development time for
one generation (given ad libitum food conditions and 17◦C,
Karlsson and Winder, unpublished data), the mesocosms were
poured through a 45 µm net and all inhabiting zooplankton
were filtered out and put in 4% formalin. From these samples
we counted the number of nauplii and the pooled number of
copepodites and adults. Two egg-carrying females from each
sample (mesocosm) were picked at random and their prosome
lengths were measured and clutch size counted. We expected
the nauplii to have been born in the mesocosm during the
experiment, and that the copepodites and adults mainly to be part
of the individuals inoculated at the beginning.

2.5. Statistical Analyses of the Common
Gardening Experiment
We used R for all analyzes (R Core Team, 2017). The response
variables: counts of nauplii (N1-N6) and copepodites + adults
(C1-C6), prosome length of females, and female clutch size, were
fitted as Gaussian response models by functions lme or gls
from the nlme (Pinheiro et al., 2017) package. When there was
more than one observation per mesocosm we used mesocosm
ID as random effect in the linear mixed effect models (lme),
and when variances in the different treatments were unequal
we fitted extended linear models with power covariates in the
linear models (gls). Models were evaluated by starting with
a full model containing all treatment interactions (population,
algae, and nutrients) and subsequently removing non-significant
interactions, based on AIC. We only included the highest order
of significant interactions or main effects in the running text, full
model outputs can be found in the Supplementary Material.

RFU and species counts were analyzed by extended linear
mixed models (function lme), with power covariates to control
for the increasing residual variation due to algal growth. For
both RFU and species counts we omitted the control to test for

the difference between populations. The pelagic species occurred
both with and without benthic diatoms, whereas the benthic
diatoms only occurred with pelagic species, and hence the main
effect of the addition of benthic diatoms was only estimated
for the pelagic species. The RFU analysis was split up between
pelagic and pelagic + benthic algae treatments as we expected
the emitted fluorescence to differ between pelagic flagellates and
benthic diatoms, and therefore a direct comparison could be
spurious. The effects of resource supply were estimated for both
RFU and species counts. We included a third degree polynomial
of time as an interaction with the treatments (population,
algae, resource supply) in both the RFU and the species counts
models. This tests if the polynomial relationship with time differs
between treatment contrasts. However, we did not include the
estimates of the treatment main effects (i.e., time = 0), and
the main effect of time in the results as it is not the focus of
this study.

3. RESULTS

3.1. Common Garden Experiment:
Morphology and Clutch Size
The shape of the females prosomen differed significantly between
the populations [MANCOVA, F(24, 74) = 5.19, p < 0.001] the
GOR population was wider and rounder than the more laterally
compressed STHLM population (Figures 1, 2) and the size of
the prosomen had no significant effect on shape [MANCOVA,
F(24, 74) = 1.51, p= 0.090].

We found a significant interaction of population and prosome
length on clutch size [two-way ANOVA, F(1, 96) = 6.68,
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p = 0.011]. Hence, the relationship between prosome length and
clutch size differs between the two populations (Figure 3), and
a 1µm increase in length increased clutch size with 0.25 and
0.09 eggs for the GOR and STHLM populations respectively.
Furthermore, the main effects of population [two-way ANOVA,
F(1, 96) = 48.06, p < 0.001] and prosome length [two-way
ANOVA, F(1, 96) = 25.64, p < 0.001] were significant, the
average clutch sizes were 34.6 (28.1, 41.0; 95% CI) for the STHLM
population and 54.4 (49.8, 58.9) eggs female−1 for the GOR
population. Furthermore, the females’ prosome length differed
between populations [one-way ANOVA, F(1, 98) = 124, p <

0.001] and was on average 762.1 (743.1, 781.1; 95% CI) for the
STHLM population and 869.8 (856.4, 883.3)µm for the GOR
population.

3.2. Common Gardening Experiment
The averages of zooplankton bio-volumes at the start of
the experiment were not significantly different between the
populations [t-test, t(18) = -0.541, p = 0.595] and was 3.08 (±
0.24, SE) for the STHLM population and 2.91 (± 0.22) mm-3 for
the GOR population. Number of individuals per stage at the start
of the experiment (averages rounded to whole numbers) were for
the STHLM population, N1-N3: 105 (86–116, range), N4-N6: 10
(3–22), C1-C3: 9 (1–17), C4-C6: 30 (18–49). Respective numbers
for the GOR population were, N1-N3: 69 (51–92), N4-N6: 28
(15–38), C1-C3: 14 (5–20) and C4-C6: 17 (10–27).

Algae concentrations measured as RFU were significantly
lower with the GOR population than with the STHLM
population. The lower values for the GOR population were
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consistent over both resource supply and algae treatments,
suggesting that this population is a more efficient grazer than the
STHLM population (Figure 4, Table 1).

Concentrations of all the pelagic species (cryptophytes, H.
triquetra, Isochrysis sp., and P. marina) were significantly lower
with the GOR population than the STHLM population, whereas
for S. marinoi there was no difference between the populations
(Figure 5, Table 2). Concentrations of the large filamentous
benthic diatoms Fragilaria sp. and Melosira sp. did not differ
between the populations, while the smaller single celled benthic
diatoms N. aurariae + N. perminuta were significantly lower
with the GOR population than the STHLM population (Figure 5,
Table 3).

The addition of benthic diatoms had a negative effects on
the concentrations of all the pelagic species except H. triquetra
(Figure 5, Table 2). Addition of nutrients had positive effects on
the concentrations of all species exceptH. triquetra and Fragilaria
sp. (Figure 5, Tables 2, 3).

The numbers of nauplii at the end of the experiment
depended on the interaction of algae treatment and population
[t(5, 72) = 3.15, p = 0.002] and on the interaction of population
and resource supply [t(5, 72) = 2.66, p = 0.001]. The GOR
population was more negatively affected by benthic algae
than the STHLM population, and the STHLM population was
more negatively affected by low resource supplies (Figure 6A,
Table S3).

For copepodites + adults we found a significant interaction
of population origin and resource supply [t(4, 73) = 5.24,
p < 0.001], where low resources led to a striking decrease in
numbers for the STHLM population, but not for the GOR
population. Furthermore, we found a significant main effect of
algae treatment [t(4, 73) = 3.88, p < 0.001] indicating that the
addition of benthic diatoms had weak negative effects for both
populations (Figure 6B, Table S4).

The females clutch sizes depended on the three-way
interaction of population x resource supply x algae [t(69) = 3.02,
p = 0.004]. For the STHLM population, clutch sizes were
unaffected by algae treatment but smaller in low resource supply.
For the GOR population, clutch sizes differed between algae
treatments in low resource supplies (Figure 7A, Table S5).
For female prosome length (Figure 7B) we found no

TABLE 1 | ANOVA output from the mixed models on the relative fluorescence

units.

numDF denDF F-value p-value

PELAGIC ALGAE

Population * time 3 111.00 44.55 <0.001

Nutrients * time 3 111.00 216.41 <0.001

PELAGIC ALGAE + DIATOMS

Population * time 3 111.00 25.24 <0.001

Nutrients * time 3 111.00 47.11 <0.001

The interactions tests for differences in the trend over time for the treatments: population

and resource supply. Output of the treatments main effects, and the main effect of time

are omitted.
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FIGURE 5 | Concentrations in cells ml−1 of the different algae species over time (days) in the common gardening experiment, for the treatments: algae community,

nutrient level, and zooplankton population, figure head shows the E. affinis populations. Color, line-type, and point shape codes are: blue and orange are respective

GOR and STHLM population in the pelagic algae treatment, gray is the pelagic + benthic diatom treatment (same for both populations), solid and dashed lines are

respective high and low nutrient treatment, filled and open circles are respective high and low nutrient treatment. Lines are fitted by local regression by the R package

ggplot2 (Wickham, 2009), points are observed values.

interactive effects, but both the main effects of population
[t(74) = 14.45, p < 0.001] and resource supply were significant
[t(74) = 3.87, p < 0.001], whereas the effect of algae was not
[t(74) = 0.19 p = 0.848]. Females were generally smaller in the
STHLM population compared to the GOR population, and in
low resource supply compared to high resource supply.

4. DISCUSSION

In the common garden experiment we could show that the
two E. affinis populations from the Baltic Sea differentiate
genetically in female morphology and clutch size. These trait
differences further affect how the populations interact with
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TABLE 2 | ANOVA output from the mixed models on the pelagic algae.

numDF denDF F-value p-value

Cryptophyceae

Population * time 3 59 25.38 <0.001

Algae * time 3 59 23.08 0.005

Nutrients * time 3 59 4.66 <0.001

H. tiquetra

Population * time 3 59 9.74 <0.001

Algae * time 3 59 0.89 0.452

Nutrients * time 3 59 0.14 0.935

Isochrysis sp.

Population * time 3 59 66.45 <0.001

Algae * time 3 59 3.30 0.026

Nutrients * time 3 59 13.14 <0.001

P. marina

Population * time 3 59 6.77 <0.001

Algae * time 3 59 6.26 <0.001

Nutrients * time 3 59 71.38 <0.001

S. marinoi

Population * time 3 59 2.63 0.058

Algae * time 3 59 14.08 <0.001

Nutrients * time 3 59 42.80 <0.001

The interactions tests for differences in the trend over time for the treatments: population,

algae, and nutrients. Output of the treatments main effects, and the main effect of time

are omitted.

TABLE 3 | ANOVA output from the mixed models on the benthic algae.

numDF denDF F-value p-value

Fragilaria sp.

Population * time 3 36 1.30 0.288

Nutrients * time 3 36 2.66 0.063

Melosira sp.

Population * time 3 36 1.98 0.134

Nutrients * time 3 36 5.05 0.005

N. aurariae + N. perminuta

Population * time 3 36 4.95 0.005

Nutrients * time 3 36 13.00 <0.001

The interactions tests for differences in the trend over time for the treatments: population

and nutrients. Output of the treatments main effects, and the main effect of time are

omitted.

various experimental ecosystems. In general, the small-sized
STHLM population was more sensitive to resource supply,
whereas the large-sized GOR population was more sensitive to
the type of algal community.

4.1. Common Garden Experiment:
Morphology and Clutch Size
The two populations clearly differentiated in females’ average
shape, length, and clutch size. The differences in average
length persisted from the first common garden experiment and
throughout the mesocosm experiment made 2 years and ca 42

generations later. Thus, there should be little doubt that these
differences are due to genetic differentiation. A previous study by
Winkler et al. (2011) found neutral (mitochondrial DNA) genetic
differentiation between populations from the Gulf of Riga and
the Swedish Baltic coast. Our study confirms this by showing
genetic differentiation in quantitative traits. There were however
large individual variation within populations and individuals
from the two populations overlap in shape, length and clutch
size. This large morphological variation implies that whenever
these two morphotypes coexists complete discrimination of the
two will be difficult. The morphological variation in E. affinis has
led to previous confusion in species classification. In Northern
European estuaries two species of Eurytemora were described
in the nineteenth century, E. affinis (Poppe, 1880) and E.
hirundoides (Nordqvist, 1888). According to the taxonomic
key provided by Gurney (1931) the small-sized population
from the Stockholm Archipelago (STHLM) corresponds to a
morphotype that was described as E. hirundoides. Our study
shows that classification of Eurytemora by prosome length
and fecundity can be spurious. Because these traits overlap
between individuals even in genetically distinct populations
in a controlled environment. Furthermore, prosome length
and egg production in zooplankton are highly plastic traits
that can be affected by both food conditions and temperature
(Ban, 1994), which can further impede discrimination of
the two populations unless they are reared under common
conditions (Falconer and Mackay, 1996; Sanford and Kelly,
2010).

4.2. Common Gardening Experiment
Based on the populations different effect on RFU we concluded
that the GOR population were more efficient grazers than the
STHLM population, which was expected because of their larger
size. We found that the pelagic flagellates and the benthic
diatomsN. aurariae +N. perminutawere in lower concentrations
with the GOR population than with the STHLM population.
Whereas there was no difference in the concentration of the
pelagic diatom S. marinoi between populations. Perhaps this is
due to that motile flagellates can escape the copepods feeding
current (Jakobsen, 2002) whereas non-motile diatoms probably
cannot. In general, larger copepods have a stronger feeding
current (Peters and Downing, 1984) which could be harder for
flagellates to evade and explain why the GOR population is
more efficient in feeding on flagellates. Given that N. aurariae
+ N. perminuta settle on the bottom, their lower concentrations
with the GOR population suggest that this population occupy
the bottom of the mesocosms to a greater extent than the
STHLM population. Furthermore, the concentrations of the two
largest filamentous diatoms Melosira sp. and Fragilaria sp. did
not differ between the populations. Our results suggest that
there is no difference in the size spectrum of resource use
between the populations, despite the populations’ difference in
size.

We found contrasting effects on the amount of nauplii and
copepodites + adults for the two populations at the end of
the experiment, which depended on resource supply and algae
treatment. The large-sized GOR population was a more efficient
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grazer and could therefore acquire the amount of resources
needed even in low resource concentrations, which allowed
them to maintain a similar population size in both high and
low resource supply (Figure 4). In contrast, for the small-sized
STHLM population, less resources resulted in a notable decrease
in nauplii and copepodites + adults (Figures 6A,B). Larger
animals are in general more efficient in resource acquisition
and can feed on a wider size range of resources than smaller
ones (Wilson, 1975; Gianuca et al., 2016), therefore the GOR
population have a competitive advantage over the STHLM
population. The STHLM population starved in the low nutrient

treatment, probably because metabolic demand relative to body
size is higher for smaller-sized zooplankton (Hansen et al., 1997),
while both filtration and feeding rates of zooplankton increase
with increasing size (Peters and Downing, 1984; Gianuca et al.,
2016). Thus, the STHLM population acquires fewer resources
while needing relatively more, and hence performs poorly at low
resource concentrations. Our results suggest that a larger body
size enables copepods to graze more efficiently and mitigate
starvation at low resource concentrations.

The addition of benthic diatoms had a greater effect on
the number of nauplii than on the number of copepodites +
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adults, with a stronger negative effect in the presence of benthic
diatoms for the GORpopulation than for the STHLMpopulation.
For calanoid copepods feeding on large aggregates is difficult
compared to smaller particled food and can result in starvation
(Koski et al., 2017). Thus, large filamentous diatoms may have
disturbed the feeding process and reduced the copepods feeding
efficiency. Because the GOR population was more negatively
affected by benthic diatoms than the STHLM population , it
suggests that females of the GOR population feed more from the
bottom of the mesocosm where the filaments settled.

Differences in habitat use of E. affinis populations have been
reported in the past and according to Gurney (1931) the GOR
morphotype corresponds to “Buchtenplankton" (bay plankton)
while the STHLMmorphotype corresponds to “Kustenplankton"
(coastal plankton). This is in agreement with the habitats
where the populations were sampled. Similarly, two clades of
E. affinis are reported from the St. Lawrence estuary. One
clade mainly inhabits the inner reaches of the estuary and
has invaded the Great Lakes (Winkler et al., 2008; Favier and
Winkler, 2014), and has been reported as epi-benthic in the
lakes (Torke, 2001). The clade in the Great Lakes have been
classified as E. carolleeae by Vasquez et al. (2016). The other
clade in St. Lawrence is mainly found in the middle parts of the
estuary, suggesting that it occupies the pelagic habitat (Winkler
et al., 2008; Favier and Winkler, 2014). Furthermore, epi-benthic
zooplankton are often larger than pelagic zooplankton because
a large size in a pelagic habitat increases the risk of predation
by planktivorous fish (Brooks and Dodson, 1965). For the
GOR population the larger sized females are likely prevented
to enter the pelagic because of their conspicuousness, while
nauplii and copepodites in the low stages likely stay closer to
the surface, which is the general pattern for copepods (Irigoien
et al., 2004; Casper and Thorp, 2007). This suggests that apart
from morphological differences, the populations’ behavior also
differ.

Comparisons showed considerably smaller female clutch
sizes of a European E. affinis population from the Seine than
of two North American east coast populations assumed to
be E. carolleeae from the St. Lawrence and the Chesapeake
Bay (Beyrend-Dur et al., 2009; Devreker et al., 2012). Hence,
the larger clutch size and epi-benthic behavior of the GOR
population, similar to what has been reported in North American
clades, suggest that this population could be the invasive
E. carolleeae. In contrast, similar trait differences as observed in
the present study have been reported between European E. affinis
populations since the beginning of the 20th century (Gurney,
1931 and references therein, Sukhikh et al., 2016). The species
name E. carolleeae has not been fully applied by researchers in
the field. Regardless, if one categorize the E. affinis complex into
clades (e.g., Favier and Winkler, 2014; Lee, 2016) or species (e.g.,
Sukhikh et al., 2013), it is important to focus on the contrasting
ecological effects (e.g., freshwater invasions, habitat preferences)
of adaptive variation within the E. affinis species complex.

Competition for nutrients between benthic diatoms and
flagellates led to lower concentrations of flagellated species.
However, we do not believe the lower concentrations of flagellates
in the benthic algae treatment is the cause for the decline in

nauplii for the GOR population. Because the resource supply
treatment had no effect even in the treatments without benthic
diatoms (Figure 6A). In contrast, the STHLM population was
sensitive to resource supply, and for this population a reduction
in flagellates caused by competition with benthic diatoms could
explain why the nauplii count is lower when benthic diatoms
were added.

4.3. Conclusion
Our study indicates that the large-sized GOR population of
E. affinis is a superior competitor in low resource supply mainly
because they can feed more efficiently on motile flagellates,
than the small-sized population. However, when the resource
supply is high and benthic diatoms are present, their competitive
advantage disappears. We suggest that the benthic diatoms
used in our study interfere in the feeding process and reduce
their filtration efficiency. These results suggest that the GOR
population exhibits a close relation to benthic habitats and
that this morphotype is mainly found in shallow bay areas of
the Baltic Sea. Apart from the morphological differences, the
populations diverge in habitat choice rather than in resource
specialization. We suggest that adaptive radiation in resource
use is not the driver of morphological variation in E. affinis,
but rather the trade-off between size-efficiency and vulnerability
to predators. Perhaps the GOR population can afford to have
a larger size because the adults stay close to the bottom. An
important question for further research is to address the effects of
planktivorous fish on zooplankton of different size and behavior,
in pelagic vs. benthic habitats. This would highlight if the shallow
littoral zone acts as a refugium for large epi-benthic morphotypes
of E. affinis, whereas smaller morphotypes inhabit the coastal
pelagic waters.

The past and current eutrophic state of the Baltic Sea
(Andersen et al., 2017) may have been more advantageous for
the small-sized STHLM population than the large-sized GOR
population because the small-sized population has a positive
response to increased resource supply. In addition eutrophication
has reduced the extent of the littoral zone (Ojaveer et al., 2010)
and thus the habitat for the larger-sized population. Given
the area of suitable habitats, we assume that the small-sized
population is by far the most common in the Baltic Sea. For
example, we have only found the small-sized morphotype (i.e.,
none of the large extremes indicates a large-size morphotype)
in samples from the central parts of Bothnian Bay, Bothnian
Sea, Gulf of Finland, Gulf of Riga and the Baltic Proper
(Karlsson, personal observation). We speculate that the large-
sized morphotype is not unique to the Pärnu Bay in the Gulf
of Riga, but can probably be found in similar shallow bays
with outlets of freshwater along the eastern and southern Baltic
Proper.

Our results show that morphologically divergent, yet
phylogenetically closely related zooplankton populations can
have different effects on ecosystem functions, and in turn have
different population increase in response to resource supply and
algae community. These results underline that the two E. affinis
morphotypes cannot be regarded as ecologically equal in their
interaction with algae communities. Furthermore, their different
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habitat choice implies that the pelagic morphotype are more
important for pelagic feeding fish such as herring and sprat,
whereas the benthic morphotype is more important for fish
species that feed in more complex littoral habitats such as perch
and sticklebacks. This highlights the large morphological and
life history variation in the E. affinis species complex and that
populations affect ecosystem properties in different ways.
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