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A B ST R ACT  
Ecological theory and empirical research show that both direct lethal effects and indirect non-lethal effects can structure the composition of 
communities. While the direct effects of grazers on marine phytoplankton communities are well studied, their indirect effects are still poorly 
understood. Direct and indirect effects are inherently difficult to disentangle in plankton food webs. In this study we evaluate the indirect effects 
of copepod grazers on community function and structure using isolated chemical alarm signals, copepodamides. We expose intact summer and 
spring communities to direct grazing from copepods, or to chemical alarm cues without the presence of grazers in controlled experiments. The 
effects of direct grazing on ecosystem function were moderate in both experiments as indicated by levels of chlorophyll and primary production. 
Indirect and direct effects resulted in changes in the composition of both the eukaryote and prokaryote communities as shown by metabarcoding 
of 18S and 16S rRNA. Size structure analysis suggests that direct grazing and copepodamide exposure both favoured smaller organisms (< 10– 
15 μm) corroborating the size-structuring effect of copepod grazers. We conclude that the well-established effect of copepods on phytoplankton 
communities results from a combination of direct and indirect effects. This is a first attempt to isolate indirect effects of copepods on community 
structure and the results suggest that a full mechanistic understanding of the structuring effect of copepods will require insights to both direct 
and indirect effects of consumers as demonstrated for other ecosystems components. 
K E Y W O R D S:  ecosystem function and services; multi-trophic interactions; plant–herbivore interactions; algae; indirect effects; direct effects; 
structuring effects; chemically mediated interactions 

INTRODUCTION 
Consumers induce defensive traits in prey organisms such 
as cryptic behavior or morphologically defended phenotypes 
(Tollrian and Harvell, 1999). The induced traits alter predator– 
prey interactions and drive cascading effects in food-web 
dynamics. Indirect trait-mediated effects like this are common in 
most ecosystems and may rival or even exceed the direct effects of 
predation (Preisser et al., 2005; Suraci et al., 2016). For example, 
the presence of piscivorous fish may result in altered habitat 
use of planktivorous fish in lakes. The spatial redistribution of 
planktivorous fish in turn releases zooplankton from predation 
leading to several-fold increase in zooplankton density (Turner 
and Mittelbach, 1990). Marine plankton are less studied and are 
hard to assess primarily due to their higher temporal and spatial 

variability as well as difficulties in tracking the variety of the 
involved microbial components. The comparably few studies on 
cascading effects in marine plankton show inconsistent results 
(Shurin et al., 2002). Predation rates are, however, higher in 
marine plankton than in most systems: around 80% of the marine  
primary production is typically consumed by grazers (Calbet, 
2001; Calbet and Landry, 2004). In addition, many plankton 
organisms respond to chemical alarm cues from consumers 
by expressing defensive traits such as cryptic behaviors (Long 
et al., 2007; Selander et al., 2011; Bergkvist et al., 2012), onset 
of diel feeding rhythms (Arias et al., 2021), life history changes 
(Toth et al., 2004), colony size alterations (Bjærke et al., 2015) or  
spine formation (Van Donk et al., 2011). Cascading effects have 
also been implicated upon introduction of invasive consumers
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such as the comb jellyfish Mnemiopsis leidyi, which efficiently 
suppresses mesozooplankton grazers in invaded habitats with 
cascading effects on phytoplankton production and composition 
(Tiselius and Møller, 2017). At the microscale, however, it is 
challenging to separate direct effects of consumers from indirect 
effects. The individual actors cannot be easily manipulated and 
to what extent effects are driven by direct consumption or trait-
mediated indirect effects such as intimidation of prey organisms 
remains an open question. 

Here, we use chemical alarm signals from copepods to isolate 
direct from indirect effects leaving apart the effects of nutrient 
regeneration due to copepod grazing. Copepods were targeted 
due to their role as key intermediate consumer group in marine 
food webs (Turner, 2004), being the principal link from marine 
primary production to higher trophic levels. In addition to con-
suming prey, they imbue seawater with a unique bouquet of 
polar lipids, so called copepodamides (Selander et al., 2015). 
Copepodamides act as a general alarm signal inducing defen-
sive traits in prey organisms such as diatoms, dinoflagellates and 
ciliates. Responding organisms increase their bioluminescence, 
toxin production, decreased colony size or initiate diel feeding 
rhythms (Selander et al., 2015; Lindström et al., 2017; Selander 
et al., 2019; Arias et al., 2021; Rigby and Selander, 2021). More-
over, copepodamides reach bioactive levels in nature and have 
been shown to drive trait-mediated effects in experiments with 
artificially assembled communities (Prevett et al., 2019; Selander 
et al., 2019). However, the effect of copepodamides on commu-
nity structure has not yet been tested experimentally in more 
complex settings such as natural communities. Grazer-induced 
phytoplankton phenotypes can be fully or partly reproduced by 
copepodamide exposure alone (Grebner et al., 2019; Selander 
et al., 2019). Thus, copepodamides can be used to mimic preda-
tor presence without the presence of actively feeding copepods. 

The structuring effects of copepods have been described by 
Stibor and colleagues (Stibor et al., 2004). Copepods are omniv-
orous and feed on a variety of prey organisms. Larger and faster-
swimming prey are cleared at higher rates than smaller and slower 
organisms (Berggreen et al., 1988; Selander et al., 2011). Thus, 
grazing copepods can promote the presence of smaller life forms 
(e.g. Ryther and Sanders, 1980; Calbet and Saiz, 2005). Addi-
tionally, the removal of microzooplankton, such as ciliates and 
heterotrophic dinoflagellates, further reduces predation pressure 
on smaller cells. The structuring effect of copepods is likely a 
combination of direct grazing and indirect effects such as intim-
idation of microzooplankton grazers, e.g. onset of diel feeding 
rhythms or reduced swimming velocity (Arias et al., 2021), or 
induced break-up of colonies into smaller units (Selander et al., 
2019; Rigby and Selander, 2021). Hence, we hypothesize that 
the addition of copepods, or the chemical alarm signals from 
copepods alone, will both favour smaller and more defended life 
forms (Selander et al., 2019). The direct effects include selec-
tive removal of larger cells and microzooplankton grazers, which  
both will lead to increased relative abundance of smaller cells, 
which should in theory also include heterotrophic nanoflagel-
lates that leads to increased grazing on the prokaryote commu-
nity. Copepodamides can be predicted to drive trait-mediated 
indirect effects enhancing the direct effects. We predict the effect 

Table 1: Measured parameters for the Summer 2016 and Spring 
2017 campaigns 

Analysis Summer 2016 Spring 2017 

Primary production Yes No 
Bacterial production Yes No 
Bacterial counts Yes No 
Chlorophyll analysis Yes No 
DMSP quantification Yes No 
Copepodamides Yes Yes 
Microscopy analysis Yes Yes 
Size distribution Yes Yes 
Metabarcoding Yes Yes 

to be larger during the spring bloom compared to during the 
summer. In summer, plankton communities in temperate waters 
are likely already adapted to high grazing rates from copepods 
and the community response to copepod grazing or copepo-
damides has already been manifested. 

MATERIALS AND METHODS 
Study sites and sampling 

Experiments were performed off the Swedish west coast, north-
east Atlantic, which is characterized by temperate seasonality. 
Production is low in winter and increases sharply during the 
spring bloom in February–March. The spring bloom is charac-
terized by chain-forming diatoms (Tiselius and Kuylenstierna, 
1996) followed by an increase in microzooplankton grazers and 
subsequently also copepod biomass, which is typically around 20 
times higher in summer than winter (Kiørboe and Nielsen, 1994; 
Nielsen and Kiørboe, 1994). A community dominated by smaller 
flagellated cells develops in the more oligotrophic summer con-
ditions. We used the experimental facilities at Tjärnö Marine 
Laboratory (summer experiment May 2016), and Kristineberg 
Center (spring bloom experiment February 2017). Seawater was 
retrieved from the depth of the chlorophyll maximum using 
water collectors of the Niskin type in summer (N58.52‘69.4, 
E11.05’40.5), and spring (N58.15′816, E11.27′44.2). Copepods 
were collected using a vertical tow with a plankton net (WP2 
200 μm mesh size,  100  m depth) and a 90  μm mesh at a depth 
of 20 m. Contents from the 90 μm net  were further filtered  
through a 65 μm net and all nets were equipped with a non-
filtering cod end. The net hauls were immediately diluted with 
filtered seawater and transported back to the lab. The summer 
campaign was held in the Koster fjord region of the Skagerrak 
that hosts a large population of Calanus finmarchicus (Båmstedt 
et al., 1990). The first campaign in Summer 2016 was part of 
a large collaborative workshop, while the spring campaign was 
a follow-up campaign on a smaller scale which included fewer 
parameters (Table 1). 

Copepodamide isolation 
Copepodamides were isolated from commercially available 
freeze dried C. finmarchicus (Calanus AS, Tromsø, Norway) as 
described in Selander et al. (2015). A mixture of copepodamides  
representing the natural blend from C. finmarchicus, which are
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Fig. 1. Schematic outline of the factorial design with three levels of 
grazing, control (no addition), copepodamide addition and direct 
grazing by copepods. The setup was repeated with enriched flasks to 
assess the importance of the fertilizing effect of copepods. 30 bottles 
in total with five replicates per treatment, six treatments in total. 

also one of the dominating species in the area ( Båmstedt, 1988), 
were used in experiments. Details on general and species-specific 
copepodamide compositions are available in Selander et al. 
(2019) and Grebner et al. (2019), respectively. 

Experimental setup 
The experiments were carried out in 1140 mL glass bottles 
(Fisher Scientific), fitted with Teflon-lined silicon inserts in 
the screw caps to enable bubble-free sealing. The summer 
community was gently pre-filtered through a submerged plank-
ton mesh (65 μm) to remove naturally occurring copepods. 
The spring bloom community was not prefiltered due to 
negligible densities of copepods and the presence of chain-
forming diatoms large enough to be retained by the mesh. The 
water was divided into 30 bottles (Fig. 1) with five replicates 
and six treatment combinations. Ten had been pre-coated 
with 50 nmol copepodamides dissolved in 80 μL methanol  
and 10 controls with 80 μL methanol alone. The methanol 
was evaporated before the seawater was added. Re-coating of 
the bottles was performed every other day over the course of 
the experiment. Administered like this, the average effective 
concentration (resulting from release from the bottle wall and 
degradation in the water) averages around 1% of the nominal 
content (Selander et al., 2019). The effective concentration of 
copepodamides was measured at the end of the experiment. The 
remaining 10 bottles received copepods from the sample taken at 
the sample site and in approximately the same relative abundance 
(10 Acartia sp. and 1 Calanus sp. per bottle for the summer 
campaign, three Temora longicornis, two Paracalanus parvus, 
three Acartia sp. and four Centropages sp late stage copepodites 
or adults for the spring campaign). Five replicates from each 
treatment were supplemented with nutrients, nitrate (NO3

−, 
220 μM), phosphate (PO4 3−, 9 μM) and silicate (Si, 26.6 μM). 
Monitoring stations closest to sampling sites (<500 m, within 
2 weeks) report NO3

− 0.14 μM, PO4 3− 0.15 μM and SiO 2 μM 
for the spring campaign, NO3

− 0.1 μM, PO4 3− 0.04 μM and Si  
0.1 μM for the summer. Bottles were placed on a plankton wheel 
with a rotation of 0.5 rpm at a 16:8 light:dark cycle (100 μmol 
photons m−2 s−1) at 4◦C or 16◦C for 5 days (spring and summer 
campaigns, respectively). 

Analysis 
Primary production 

Primary production was measured by isotope incorporation 
experiments (Nielsen and Bresta, 1984).  A well-mixed 10 mL  
subsample was transferred to 25 mL scintillation vials and 
received 10 μCi H14CO3. The  vials were incubated standing  
in the same conditions as the main experiment for 4 h. Uptake 
of labeled carbonates was terminated by addition of 150 μL 
formaldehyde. Remaining inorganic H14CO3 was degassed as  
14CO2 by purging the solution with air after acidification with 
three drops of concentrated hydrochloric acid. Samples received 
scintillation cocktail (Instagel, Perkin Elmer) and were read on a 
scintillation counter (Beckman LS6000). 

Bacterial production 
We evaluated the bacterial production and counts to investigate 
potential cascading effects on food web structure either from 
direct consumption or indirect effects (Preisser et al., 2005). 
1 mL of the bottle content was transferred to Eppendorf tubes 
and supplemented with 57 nmol tritium-labeled thymidine, cor-
responding to 1 mCi mL−1. The samples were incubated for 1 h 
in darkness. The exact time was noted, and the incorporation 
was stopped by adding 150 μL formaldehyde. Controls (n = 3) 
were treated the same way but received 150 μL of formaldehyde 
prior to thymidine addition. The tubes received 89 μL 100% ice 
cold TCA and were centrifuged at 13 000 rpm for 10 min. The 
supernatant was removed, and the pellet resolved in 1.5 mL ice-
cold 5% TCA (aq) and centrifugation repeated. Finally, the pellet 
was resolved in 1.5 mL 80% ethanol before centrifuging again 
and removing the supernatant. The sample received scintillation 
fluid and was analyzed in a scintillation counter as above. 

Bacterial counts 
Samples (5 mL) were fixed with 4% v/v Formaldehyde at the 
end of the experiment and stored at −20◦C. Per sample 1 mL 
was mixed with 5 μL SYBR Green (1:100 from stock 10uM) 
and incubated in the dark for 15 min. The samples were supple-
mented with 15 or 5 μL bead solution (CountBright Absolute 
Counting Beads for flow cytometry) before analysis with BD 
FACSCalibur Flow Cytometer. 

Chlorophyll analysis 
During the summer campaign, chlorophyll samples were taken 
at the beginning and end of the incubation. Water from each 
replicate was filtered through a 25 mm GF/F filter (Whatman). 
Filters were then wrapped in aluminum foil and stored at −20◦C. 
The GF/F filters were extracted in 20 mL of 96% Ethanol for 24 h 
at room temperature in darkness before analysis on a fluorometer 
(Turner designs, AU-10) as described in (Strickland & Parsons, 
1972). A blank sample readout (96% ethanol) was subtracted 
from all measurements. 

Quantification of DMSP 
Dimethylsulfoniopropionate (DMSP) is an infochemical that 
mediates species interactions including grazing, an osmolyte 
in many phytoplankton and the precursor for dimethyl sulfide 
(DMS) (Strom et al., 2003). DMSP was quantified using gas 
chromatography with flame-photometric detection after alkaline 
hydrolysis to DMS. On day  3 of the incubation, 30 to 50 mL
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of water sample from the experiment were gravity-filtered 
onto 25 mm GF/F filters (Whatman) in analytical triplicates. 
Filters were folded in half and placed into glass vials (volume 
of 4.92 mL) with 3 mL of 0.5 M NaOH, and immediately 
closed gas tightly using screw caps with Teflon-coated silicon 
septa. Headspace gas (200 μL) from the vials (n = 90 including 
filter blanks) was injected into a gas chromatograph (Shimadzu 
GC-2014) equipped with a wide-bore column (Agilent HP-
1, 23 m × 0.53 mm × 5 μm). Methodological details for the 
gas chromatograph settings were as reported in Franchini and 
Steinke (2016). The limit of detection for DMSP in seawater 
was < 7.7 nM based on smallest concentration used in the 
calibration. 

Copepodamides 
Copepodamides were extracted from 200 mL of seawater 
using 100 mg ABN solid-phase extraction columns, a func-
tionalized polystyrene divinylbenzene polymer that retains 
copepodamides from seawater. The columns were washed with 
one column volume of milliQ water to desalt. Copepodamides 
were eluted in two times 1.5 mL methanol separated by a 30 s 
soak step to maximize yield. The eluate was evaporated at 40◦C 
under a stream of nitrogen and resolved in 70 μL methanol  
before analysis on triple quadrupole LC–MS (see Selander et al., 
2015 for details). 

Phytoplankton microscopic analysis 
100 mL samples were preserved in acidic Lugol solution and 
stored at 4◦C. Analysis was completed using Utermöhl’s inverted 
microscope technique (Utermöhl, 1931). Chambers were filled 
with 50 mL of the preserved sample from each replicate and 
left to settle overnight, whereafter plankton composition was 
determined under an inverted light microscope. 

Size distribution 
Coulter counters (summer campaign: Beckman Multisizer 3; 
spring campaign: Elzone) were used to determine size distribu-
tion of cells between 4 and 25 μm equivalent diameter size. A 
well-mixed sample was taken from each bottle. The size distri-
bution was determined in fresh, un-preserved samples. At least 
1 mL was analyzed for each replicate. 

Metabarcoding 
The prokaryote and eukaryote community composition were 
analyzed through the metabarcoding of 16S rRNA and 18S 
rRNA genes respectively. The metabarcoding provides good 
qualitative resolution but does not translate to direct quantitative 
differences because of the highly variable copy numbers in 
different taxa (Martin et al., 2022). However, for assessing 
changes in community composition, copy number variation is 
less problematic because of its proportional influence on overall 
dissimilarity calculations, particularly with standardized data. 
Additionally, an alternative analysis using rarefied data and a 
frequency transformation (effectively removing any abundance 
differences between ASVs) did not qualitatively alter the results 
or conclusions. For DNA extraction, 250 mL samples were 
filtered through sterivex filters (0.2 μm Millipore). The filters 
were stored frozen at −20◦C until DNA extraction with a 
kit (NucleoSpin Soil, Macherey-Nagel) according to protocol 

chapter 5.1 (purification of DNA from water). Cells were washed 
from the filter membrane using buffer SL2 and Buffer SX. For the 
16S rRNA gene, we used the 341F and 806R primers (Sundberg 
et al., 2013), which target the V3-V4 hypervariable loops. For 
the 18S rRNA gene, the TAReuk454FWD1 and TAReukREV3 
primers from Stoeck et al. (2010), targeting the V4 hypervariable  
loops, were used. All samples were barcoded and sequenced 
together using the 300 bp paired-end read Illumina platform 
(Illumina MiSeq V3), at a depth of five Mio reads in total, 
corresponding to an average of ∼71 500 reads per sample. 
Library preparation and sequencing was performed by LGC 
Genomics (Berlin, Germany). After sequencing, the reads were 
demultiplexed (using Illumina bcl2fastq 1.8.4), filtering out 
sequences with more than one mismatch in the barcode, missing 
barcodes, one-sided barcodes or conflicting barcodes. Finally, 
sequence adapters and primers were removed. 

The sequences were analyzed, and amplicon sequence 
variants (ASVs) were obtained by processing the resulting 
raw paired-end reads with R (R Core Team, 2013) package  
DADA2 v1.16.0 24 following the pipeline described here 
(http://benjjneb.github.io/dada2/tutorial.html), using the 
script documented in the supplementary data. The DADA2 
pipeline resolves ASVs, instead of OTUs as it resolves single-
nucleotide differences and does not contain a clustering step 
(Callahan et al., 2016). In short, the forward and reverse reads 
were trimmed and filtered separately. The reads were then 
filtered using expected error filtering. ASVs were inferred from 
trimmed, filtered and dereplicated reads and subsequently 
merged and checked for bimeras (chimeric sequences with 
exactly two parent sequences). After bimera removal, the 
taxonomy was assigned with the ‘assignTaxonomy‘ function 
from DADA2, using the SILVA (V132, Quast et al., 2012) as  
reference database for prokaryotes and the Protist Ribosomal 
(PR2) Reference database version 4.10.0 (Quast et al., 2012) for 
eukaryotes. The function implements the RDP Naive Bayesian 
Classifier algorithm (Wang et al., 2007). The default threshold 
of 80% bootstrap confidence was applied to retain a taxonomic 
assignment at a given taxonomic level. Non-target groups were 
removed after taxonomic assignments, removing eukaryote, 
mitochondria and chloroplast sequences for prokaryotes, and 
organelles, bacteria, archaea and metazoan sequences for the 
eukaryote data set. Sequences  that were not assigned at the  
highest taxonomic level were also removed. The final sequence 
tables contained 318 prokaryotic and 414 eukaryotic ASVs. 

Statistical analysis 
Differences between treatments were tested with analysis of vari-
ance (ANOVA) with two fixed factors, grazing with three levels 
(control, copepodamides and copepods) and nutrients with two 
levels (ambient and supplemented). Student–Newman–Keuls 
post-hoc procedure was used to explore differences between 
groups. The multivariate metabarcoding data were transformed 
with a variance stabilizing transformation (Anders & Huber, 
2010) using the DESeq2 and phyloseq R packages (McMur-
die and Holmes, 2013; Love et al., 2014) and  community dis-
similarities were calculated with the Bray–Curtis dissimilarity 
and visualized using non-metric multi-dimensional scaling. Sta-
tistical analysis of and differences in community composition
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Fig. 2. Analysis from summer experiment. Chlorophyll (A) was significantly lower in the grazed treatments independent of nutrient additions. 
The blue horizontal line indicates initial concentration. (B) Primary production largely mirrors the chlorophyll content but with a tendency of 
higher production in enriched flasks. The bacterial counts (C) were significantly higher in fertilized treatments, and in particular in the grazed 
fertilized treatment. (D) Bacterial production (thymidine incorporation) was more variable and not significantly different between treatments 
at the P = 0.05 level. (E) DMSP largely follow the chlorophyll levels with lower concentrations in grazed treatments. Copepodamide 
concentrations measured at the end of the experiment (F) are significantly elevated in both copepod and copepodamide treatments, and 
highest in the copepodamide treatments. Axis labels: C denotes control, Cop direct grazing by copepods and CA copepodamide addition. N 
denotes nutrient addition. Filled circles represent raw data; red box, the 95% confidence interval and blue boxes, the standard deviation, n = 5. 
Letters denote significance P = < 0.05. 

between treatment clusters were tested for with permANOVA 
(adonis function, vegan R package, Oksanen et al., 2022). 

RESULTS 
The spring bloom communities were dominated by Pseudochat-
tonella sp. (Dicthyochophyceae in Fig. 3) visible as a well-defined  
peak around 15 μm equivalent spherical diameter in Fig. 4A, B. 
Ciliates, such as Mesodinium sp. were also mainly abundant 
during the spring campaign. The summer plankton commu-
nity was dominated by smaller flagellate forms (Fig. 4), and 
microscopic counts revealed approximately equal proportions of 
diatoms and dinoflagellates (Fig. 3). Copepods removed some 
of the larger phytoplankton cells in both experiments (Fig. 4). In 
addition to the removal of larger cells by copepods, smaller cell 
sizes increased in both copepod and copepodamide-exposed 
cultures, in particular in the spring campaign; in contrast, larger  
cells only decreased in grazed treatments, not in response to 
copepodamides (Fig. 4 C, D, G, H). Note that the average size 
of Pseudochattonella was slightly smaller in grazed equivalent 

treatments (14.2 ± 0.1 μm) and copepodamide-exposed treat-
ments (14.3 ± 0.1 μm) than in controls (14.7 ± 0.2 μm) 
(mean ± SE, P =  0.05). Consequently, the decreased average 
size was not solely the result of size-selective feeding. A 
comprehensive list of taxa identified by light microscopy is 
shown in the supplementary data. 

The summer campaign revealed clear effects of both cope-
pod grazing and nutrient addition. Chlorophyll values, used as a 
proxy for phototrophic biomass, were reduced by 18% by grazers 
compared to controls (P < 0.05, Fig. 2A). The direct grazing 
effect also manifested in a trend towards lower primary produc-
tion in copepod treatments, compared to copepodamide and 
control treatments (Fig. 2B); this trend is either due to graz-
ing or recycling. Grazed treatments had lower concentration 
of DMSP (P < 0.05, Fig. 2E). Bacteria mainly responded to 
the nutrient enrichment with higher bacterial densities at the 
end of the experiment and altered community composition in 
enriched treatments (Fig. 2C). Bacteria also responded to the 
change in trophic structure and reduced grazing pressure. Graz-
ing enhanced the fertilization effect further and the combina-
tion treatment of copepod grazing and nutrient addition had
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Fig. 3. Composition of spring and summer plankton communities based on microscopic counts as percentage of the total. The spring 
communities were dominated by Pseudochattonella sp. (Dictyochophyceae) whereas the summer communities were dominated by 
dinoflagellates and diatoms. For detailed species composition see supplementary data. Values are mean of five replicates and error bars denote 
standard error of mean. C: control, Cop: direct grazing by copepods, CA: copepodamide addition, and N denotes nutrient addition. 

Fig. 4. Size distribution of cells determined by Coulter counts. Red lines denote controls, green lines denote copepod-grazed treatments and 
blue lines denote copepodamide exposed treatments. Panel A shows the size distribution in non-fertilized treatments and B the fertilized 
treatments in spring. Panels E and F show the non-enriched and enriched treatments, respectively, in summer. Bottom panels C, D, G & H 
show the deviation from control (represented by red dotted line) in the copepod and copepodamide treatments from treatments in the panels 
above. Note that grazers (green) consistently remove larger cells and favour smaller cells. Copepodamides had a similar positive effect on 
smaller cells but without the reduction of larger cells. Lines denote mean values of five replicates with shaded standard error. 

the highest bacterial densities at the end of the experiment (P 
< 0.05, Fig. 2C). Moreover, bacteria increased in all treatments 
compared to the start value (blue horizontal line in Fig. 2C). 
Bacterial production at the end of the experiment was, how-
ever, not significantly different between treatments (P > 0.05; 
Fig. 2D). Copepodamide concentrations at the end of the experi-
ment were around 1 pM in grazed treatments, and slightly higher,  
1.4–1.7 pM in the copepodamide exposed treatments (Fig. 2F). 

Metabarcoding 
Metabarcoding analyses of eukaryote and prokaryote commu-
nities showed a significant change in prokaryote community 
composition in response to fertilization in summer and spring 
(P < 0.001). The composition of eukaryotes also changed 
significantly in spring communities (P < 0.001) but less so in 
summer communities (P = 0.09). Moreover, the prokaryote 
composition in grazer and copepodamide-exposed treatments
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Fig. 5. Differences between community composition across treatments (non-metric multidimensional scaling). Each data point represents one 
community and the distance between data points approximates the multi-dimensional distance in community composition between 
communities. The distances are calculated as Bray-Curtis dissimilarities based on the ASV composition after applying a variance stabilizing 
transformation to the raw-count data. The top panel compares prokaryotic communities and the bottom panel eukaryotic communities. The 
treatments are color coded as follows: red—controls, green—direct grazing by copepods, blue—copepodamides exposure without copepods. 
Treatments without nutrient addition are represented as circles and treatments with nutrient addition as triangles. Finally, convex hulls demark 
the spread of the replicates within each of the six treatments, aiding visual comparison: If the convex hulls of two treatments overlap 
significantly, the communities are similar, if the convex hulls do not overlap, the communities are different. Statistical comparisons of 
community similarities are presented in the text. 

differed from controls in spring (P =  0.001) but not summer 
(P = 0.35, Fig. 5). The eukaryote composition in copepodamide 
and grazer-exposed treatments were different from controls in 
both spring and summer (P =  0.005 and 0.03 respectively). 
Interestingly, the copepodamide-exposed and grazed treatments 
were more similar to each other than to controls, and only 
different for eukaryotes in summer (P = 0.002). Thus, the effect 
of copepods on community structure appears to be driven 
by a mixture of direct and indirect effects where both direct 
grazing and copepodamides without grazers affected community 
structure in the same direction. The effect of grazers and grazer 
cues was similar in nutrient-enriched experiments but less 
evident (Fig. 5). In the summer community, three ASVs were 
significantly different in the copepod treatments compared to 
the controls. Bacillariophyta, Dinophyceae and Spirotrichea all 

decreased with the addition of copepods. In the copepodamide 
treatments the same ASVs for Bacillariophyta decreased and a 
further two ASVs of Dictyochophyceae and Mamiellophyceae 
were also significantly reduced when compared the con-
trols (P = < 0.05). In the spring community, Litostomatea 
and Opisthokonta decreased with the addition of copepods. 
Dinophyceae increased with copepods and copepodamide 
addition. Full details of multivariate analysis can be found in 
the supplementary data. 

DISCUSSION 
The summative parameters showed a clear effect of copepod 
grazing (Fig. 2), whereas the addition of copepodamides only 
affected the size distribution of the communities. In contrast,
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metabarcoding data analyses revealed that the species composi-
tion of the food web changed in a similar way in response to both 
direct grazing and copepodamide additions in both eukaryote 
and prokaryote community composition. Thus, indirect struc-
turing effects of grazers and grazer cues are partly masked by 
functional redundancy, likely contributing to the variable results 
on trophic cascades in marine plankton (Shurin et al., 2002). 
Interestingly, the altered community structure observed in both 
eukaryotes and prokaryotes has a degree of similarity between 
grazed and copepodamide treatments. This suggests that grazer-
induced changes in community structure are partially driven by 
info-chemicals such as copepodamides rather than direct graz-
ing. There was, however, a trend towards differences between 
copepodamide-induced and direct-grazed treatments that would 
likely manifest if longer incubation times were used. The short 
incubation time of 3 days is sufficient for changes to manifest in 
fast growing taxa such as procaryotes. In contrast, eukaryotic taxa 
typically have longer generation times so that longer incubation 
times in larger mesocosm settings would be more appropriate to 
investigate this trend further. The difference in community com-
position is likely driven by the active and physical grazing activity 
of the copepods and additional indirect effects, such as nutrient 
regeneration and release of dissolved organic carbon during feed-
ing (Møller et al., 2003). In addition, copepods exude many more 
compounds other than copepodamides (Selander et al., 2016), 
and the effect of copepodamides is, consequently, a conservative 
estimate of indirect effects of copepods. The influence of indirect 
effects of copepods will depend on the specific traits of favoured 
taxa. For instance, if cells producing toxic compounds affecting 
particular components of the food web are favoured, indirect 
effects may facilitate algal bloom formation, including harmful 
events (Prevett et al., 2019; Trapp et al., 2021). 

The presence of copepods and copepodamides had distinct 
effects on species composition in the spring bloom community. 
Clusters overlapped more in the summer but showed the same 
general pattern as the spring especially for the prokaryote 
community composition, when copepod densities were higher 
(Fig. 5). However, the spring bloom community was atypical 
in the year of the field study (2017) and was dominated by the 
ichthyotoxic taxon Pseudochattonella. Cell size  of  Pseudochat-
tonella decreased in response to both copepods and copepo-
damides. Reduced cell size has previously been observed in 
response to copepodamides for both diatoms and dinoflagellates 
(Grønning and Kiørboe, 2020; Ryderheim et al., 2021). The 
reasons for the decrease in average cell size in response to 
grazing pressure are complex. Copepods typically clear larger 
particles at higher rates than smaller cells (Berggreen et al., 
1988), which is mainly driven by inherent higher encounter-
rates of larger and faster-swimming prey (Visser and Kiørboe, 
2006). Smaller cells thus benefit from reduced encounter rates 
with copepods, but only marginally (Ryderheim et al., 2021). 
Grønning and Kiørboe (2020) have discussed additional reasons 
for decrease in cell size: one being that defensive metabolites 
are more concentrated in smaller cells, and the other, only 
valid for diatoms, is that the frustule is thicker in smaller cells 
and therefore more robust against grazing (Hamm et al., 2003; 
Assmy et al., 2013). 

The prokaryote community is not directly preyed upon by 
copepods, instead the changes are the consequence of indirect 
effects of copepod presence such as nutrient regeneration, 
trophic cascades driven by consumption, and/or chemical 
cues from consumers. The addition of nutrients generally 
weakened the response to copepods or copepodamides, which 
suggests that part of the effect of the copepods (Fig. 5) may  
indeed be driven by the regeneration of resources (Møller, 
2007). On the other hand, the similarities between the effect 
of copepods and copepodamides alone (which do not directly 
cause nutrient regeneration) suggest the involvement of trait-
mediated trophic cascades. Copepodamides may also serve 
as a substrate, favouring some heterotrophic bacteria and 
contributing to altering community structure through selective 
nutrient enrichment. Concentration of copepodamides were 
low, however (in the pM range; Fig. 2), which suggests that 
cascading effects were more likely and  led to the  observed  
structuring effect. The indirect effects of copepodamides may, 
for example, intimidate microzooplankton ciliates (Arias et al., 
2021), leading to predator release of smaller phytoplankton and 
heterotrophs, such as heterotrophic nanoflagellates, which graze 
on the prokaryote community. Sign-switching trophic cascades 
are quite common and are found in a wide variety of ecosystems 
(Pace et al., 1999). 

A longer incubation period may have increased the effects on 
the community structuring, this experiment lasted for 3 days 
only with ecologically relevant levels of grazers. In comparison, 
for example, Trapp et al. (2021) showed that the history 
of copepod-grazing intensity is correlated to the amount of 
phycotoxins in mussels, with a lag effect of 1–2 months. The 
positive correlation between the dinoflagellate Lingulodinium 
polyedra (prey) and copepod (predator) densities is associated 
with a similar time lag (Prevett et al., 2019). Thus, it is likely 
that longer incubations would have resulted in more accentuated 
effects on community structure. For future experiments, it would 
be desirable to test the indirect and direct effects of grazers in 
continuous or semi-continuous cultures using larger incubation 
volumes. 

In conclusion, we find that the structuring effects of copepods 
were driven by a combination of direct and indirect effects. 
The indirect effects from copepodamides mainly affected the 
changes in community composition with little or no effects 
on bulk ecosystem functioning. Functional redundancy of 
copepodamide-induced communities may consequently mask 
trait-mediated cascades in plankton communities that can only 
be resolved by high-resolution methods such as barcoding. 
The consequences of structuring effects on ecosystem func-
tioning depends on the traits of favoured taxa. Traits such 
as decreased size, toxin production, and silification may alter 
large-scale processes such as harmful algal bloom formation 
and carbon export whereas other changes may go largely 
unnoticed. 
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