
Top-down control in the Gullmar Fjord

An evaluation of trophic cascades in a planktonic food web

Nicklas Kallstenius

______________________________________________________

Degree project for Bachelor of Science with a major in biology

BIO602                      15hp

First cycle

Semester/year:          Spring/2019

Supervisor:                Peter Tiselius

Examiner:                  Sam Dupont

Front page:              Pictures by Diana Deyanova, Vilhelm Moran and 

                                 Nicklas Kallstenius



Table of contents

Abstract.................................................................................................................................2

Background...........................................................................................................................3

Method..................................................................................................................................3

Chemicals...................................................................................................................4

Field sampling............................................................................................................4

Experiment............................................................................................................................4

Ciliates........................................................................................................................5

Nanoflagellates...........................................................................................................5

Picoplankton...............................................................................................................5

Calculations................................................................................................................6

Statistical analyses.....................................................................................................7

Results..................................................................................................................................7

Differences.................................................................................................................7

Ingestion.....................................................................................................................8

Relationships..............................................................................................................9

Discussion.............................................................................................................................9

Conclusion..........................................................................................................................11

Acknowledgements.............................................................................................................12

Literature cited....................................................................................................................12

1



Abstract

In the Gullmar Fjord, some studies have suggested a trophic cascade in the planktonic system. A

trophic cascade is an interaction where, if trophic level (a) eats (b), which eats (c), which eats (d),

we expect an increase in (a) to decrease levels of (b), thus increasing levels of (c), and decreasing

levels of (d). An experiment was set up to examine, in vitro, the potential effect of a trophic cascade

in the system. Organisms were sampled in the Gullmar Fjord and for each of the 6 experiments, 3

control bottles included ciliates, nanoflagellates and picoplankton (b-d), and 3 experimental bottles

also  included  copepods  (a-d).  A significant  difference  in  ciliate (F=37.823,  df=1,  p<0.01)  and

nanoflagellate (F=39.774, df=1, p<0.01) concentration was found between control and experimental

bottles according to the model outlined above, but not for picoplankton (F=3.291, df=1, p=0.129) or

chlorophyll-a  (F=3.292,  df=1,  p=0.129)  –  though there  were  clear  indications  that  the  cascade

extends  to  picoplankton  as  well.  With  added  copepods,  the  abundance  of  ciliates  increase,

nanoflagellates  decrease  and  picoplankton  increase.  Furthermore,  correlation  analyses  were

performed providing more support.  Overall, the data indicates a trophic cascade in the planktonic

system of Gullmar Fjord, and it is clear that added copepods affect the cell concentrations of all

lower trophic levels (b-d).
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Background

A trophic cascade is a domino-like interaction where, if trophic level (a) eats (b), which eats (c),

which in turn eats (d), we would expect an increase in (a) to decrease levels of (b), thus increasing

levels of (c), and decreasing levels of (d). A number of studies have highlighted the importance of

top-down control in regulating abundances in planktonic systems. According to Sundt-Hansen et al.

(2006), top-down regulation by predation is more important than bottom-up regulation (e.g. nutrient

limitation), even on the lowest level of picoplakton. They showed that copepods lower the predation

of picocyanobacteria by limiting the abundance of their main predators - in that case small ciliates.

In another  study by Zoellner  et  al.  (2009),  a trophic cascade was demonstrated in  a system of

copepods-ciliates-nanoflagellates-picoplankton.  In  the  Gullmar  Fjord,  several  studies  have

suggested a  trophic cascade in the planktonic system  (Dinasquet et al., 2012;  Graneli & Turner,

2002; Tiselius & Møller, 2017). Dinasquet et al. (2012) propose that both top-down and bottom-up

interactions are important in systems ranging from ctenophores-copepods-ciliates-nanoflagellates-

picoplankton, and Graneli & Turner (2002), provide further support for top-down control in the

planktonic system of the Gullmar Fjord. The ctenophore species Mnemiopsis Leydi is a newcomer

to Swedish waters, and the species has been shown to exert a significant impact on the abundance of

copepods, which could cause changes to the structure of the planktonic system (Vergara-Soto et al.,

2010), if the top-down control extends further down the food web. It is therefore important to study

these interactions further, to potentially mitigate such effects.  This study continues where earlier

studies  left  off,  and more  specifically,  it  examines,  in  vitro,  the  top-down effect  of  adding (a)

copepods to the planktonic system of Gullmar Fjord consisting of (b) ciliates, (c) nanoflagellates

and (d) picoplankton. The copepods are expected to exert top-down control according to the model

of a trophic cascade outlined above. Thus, adding copepods (a) to samples containing (b-d), we

expect  lower  concentrations  of  ciliates  (b)  and  picoplankton  (d),  and  higher  concentrations  of

nanoflagellates (c), compared to controls without added copepods. If the trophic cascade is present

in nature, we would also expect an in situ positive correlation between concentrations of ciliates (b)

and picoplankton (d), and negative correlations between ciliates (a) and nanoflagellates (c) as well

as nanoflagellates (c) and picoplankton (d). These assumptions are tested through field sampling

and experimental manipulations.  According to some studies, bottom-up interactions might also be

important in determining abundances (Gasol, 1994; Gasol et al., 1995)), but this study focuses on

top-down control mediated by copepods.
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Method

The methods and materials used to acquire data and analyze data are described here. Everything

applies for a single experiment, and was thus carried out 6 times. All sampling was done in the

Gullmar Fjord (58°15.6'N, 11°27.2'E) and each experiment was set up within one or two hours after

sampling.  The experiments  were  carried  out  between 8th and  25th of  April,  with  sampling  and

experiments set up on Monday and Wednesday of each respective week.

Chemicals

Sterile  filtered  deep  water  was  acquired  by  filtering  pre-filtered  deep  water  from 37  m depth

through a 0.2 µm sterile  filter,  and was used to  mix chemicals as  well  as in  the experimental

procedure.  For  fixing  ciliates,  acid  lugol's was  used.  For  fixing  microbes  (nanoflagellates  and

picoplankton),  glutaraldehyde solution 4% was used. For 100 mL glutaraldehyde solution 4%, 16

mL glutaraldehyde 25% and 84 mL sterile filtered deep water were mixed. For staining microbes,

the flourescent staining agent DAPI (4',6- diamidino-2-phenylindole) was used. A DAPI solution

was prepared by mixing DAPI and sterile filtered deep water at a concentration of 10 µg/mL.

Field sampling

Copepods were sampled using a 250 µm plankton net, which was allowed to drift for approximately

5 minutes at a depth of about 5-10 m. The sampling and experimental set-up were carried out on

April 8th, 10th, 15th, 17th, 23rd and 24th. The copepod water was filtered through a 1 mm sieve to get

rid of ctenophores and diluted into a plastic bucket of surface water from the fjord.  Sea water,

containing ciliates, nanoflagellates and picoplankton, were sampled using a ruttner water sampler at

a depth of about 2 m. The sea water was filtered through a 250 µm filter to get rid of copepods and

other potential predators and kept in a plastic container. Care was taken in handling of the sea water

and a hose was used for transfer between the ruttner water sampler to the plastic jar, since e.g.

ciliates could be harmed from careless handling (Gifford, 1985). 

Experiment

For each experiment, 6 bottles were set up in polycarbonate bottles (with a total volume of 320 mL

per  bottle)  –  3  control  bottles  (C) containing  only  sea water,  and  3  experimental  bottles  (E)

containing  sea water  and 6 copepods per  bottle.  Using a stereo microcope, the copepods were

identified and pipetted into each respective bottle, taking care to add only alive adult females of

Acartia clausi, which are known to feed on ciliates (Wiadnyana & Rassoulzadegan, 1989). All the
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bottles were covered with plastic film and then closed with a lid, to avoid disruption of air bubbles

in the bottles  during incubation (as they could potentially harm e.g.  ciliates).  The bottles  were

secured on a plankton wheel and incubated overnight in a slow spin (1 spin per 5 minutes) to

prevent sedimentation. During incubation, the plankton wheel was kept in a thermal constant room

set to 10°C (simulating natural conditions) to reduce the variation in temperature (except the first

two experiments, which were incubated in room temperature), and in darkness, as light has been

shown  to  inhibit  copepod  feeding  behaviour  (Stearns,  1986). After  incubation,  the  number  of

surviving A. clausi were counted to make sure their mortality was low enough for them to have an

effect on the system – except in the first experiment, where it is assumed that all added A. clausi

survived,  highly  plausible  given  their  high  survival  rate  (0.92)  in  the  following  experiments.

Following  the  experiments,  preparations  for  each  bottle  were  made  for  the  purpose  of  data

acquisition, followed by quantification of cell concentrations, which were later analyzed.

Ciliates

Ciliates  were  fixed  and  stained  with  acid  lugol's (1ml/100ml  sample) and  sedimented  in

sedimentation chambers using the utermöhl technique for 3-4 hours. The sedimented samples were

then quantifiied in an inverted microscope by counting ciliates in 6 transects per sedimented sample

(bottle), taking notes of the approximate size of each counted ciliate. Later, the number of cells per

mL for each respective sample (bottle) was calculated according to equation (1).

CC (cells/mL) = (c * A) / (a * V)    (1)

where c is the number of counted cells,  A is the  chamber area, a is the transect area and V is the 

chimney volume

Nanoflagellates

For  fixation  of  nanoflagellates,  12.5  mL sample  from  each  bottle  was  mixed  with  12.5  mL

glutaraldehyde  solution  4%.  The  fixed  samples  were  vacuum filtered  onto  o.8  µm nucleopore

filters, and then stained with 10 drops  DAPI solution  (see 'Chemicals') for 3 minutes. The filters

were transferred onto microscope slides and immersed in immersion oil and stored in a box in a

refrigerator until analysis.  The slides were examined using an epifluorescence microscope. Using

UV-light to detect stained cells, nanoflagellates of the size 5 to 10 µm were counted in 6 randomly

distributed transects (0,1 x 5 mm) for each slide,  in such a way that the entire  filter  area was
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examined.  Note  was  taken  of  wether  they  were  heterotrophic  (HNF)  or  autotrophofic  (ANF),

revealed using a red filter on the microscope and the proportion was later used to calculate the

nanoflagellate  ingestion  rate.  Later,  the  number  of  cells  per  mL was  calculated  according  to

equation (1). 

Picoplankton

Each experimental bottle was analyzed for chlorophyll-a (chl-a) content with a Trilogy fluorometer

(Turner  Designs,  USA)  to  obtain  a  value  of  Relative  Fluorescence  Units (RFU-values).  Three

fractions were measured for each bottle: (i) Total chl-a content, (ii) chl-a content <10 µm and (iii)

chl-a content <5 µm. To acquire fraction (i),  water was vacuum filtered onto a GF/F filter. For

fraction (ii),  the water was first drip filtered through a 10 µm filter, then collected and vacuum

filtered onto a GF/F filter. For fraction (iii), the water was first vacuum filtered through a 5 µm

filter,  then  collected  and  vacuum  filtered  onto  a  GF/F  filter.  chl-a  was  extracted  from  each

respective GF/F filter in test tubes of 10 mL 96% ethanol under dark, cold conditions (stored in a

refrigerator) and analyzed in the fluorometer after about 6 hours. The RFU values from fraction (iii)

were used to calculate the chl-a content <5 µm according to equation (2).

Chl-a (µg/L) = 0.1617 x RFU x (V/v)        (2)

where V is the extraction volume and v is the filtered volume. Cell concentrations were later 

acquired by dividing chl-a content by an index value of chl-a per cell.

Calculations

For copepods, clearance rate (F) and ingestion rate (I) were calculated according to equations (3-4)

which are modified by Kiørboe et al. (1982) from Frost's (1972) original equations. 

F (mL/ind/h) = V/Nt * ln(E1*C2 / C1*E2)   (3)

I (ind/h) =  F *  Cav     (4)

where V is the bottle volume, N is the number of copepods, t is the incubation time, E1-2 are the

ciliate  concentration  in  the  experimental  bottles  at  the  start  and  end  of  incubation,  and  C1-2

correspond  to  E1-2  for  the  control  bottles.  Cav is  the  average  ciliate  concentration  in  the

experimental bottles, and is given by the expression below, also from Kiørboe et al. (1982)
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Cav = ( E1– E2) / ln(E1 / E2)    (5)

Equations (3) and (5) require pre-incubation values to work properly, which was unfortunately left

out of the procedure in this study. Therefore, in equation (5), E1 was estimated to correspond to the

mean concentration of ciliates in the control bottles, C2. And since E1 and C1 are both set up using

the same water, they are expected to have identical values and thus equation (3) is simplified to

F (mL/ind/h) = V/Nt * ln(C2 / E2)      (6)

For both ciliates and nanoflagellates, N was calculated as the difference between the mean number

of cells in the control bottles, CcC(mean) and the number of cells in the experimental bottle under

consideration,  CcE(x). For nanoflagellate clearance rate, the proportion of heterotrophic organisms

(HNF) was also taken into account by multiplying N with the proportion of HNF in each bottle. For

ciliate clearance and ingestion rate, the control bottles were treated as experimental bottles and vice

versa, since the amount of ciliates were higher in the control bottles than in the experimental bottles

due  to  predation  of  copepods.  Except  that,  the  equations  (4-6) were  used  correspondingly  for

ciliates and nanoflagellates. 

The picoplankton abundance was estimated from the chl-a content calculated according to equation

(2), based on the prolate spheroid volume of a standard cell of the size 4 x 5 µm, using a carbon

factor of 0.220 (Bratbak & Dundas, 1984) and a chl-a factor of 0.025 (Jakobsen & Markager, 2016),

yielding the expression

CP (cells/mL) = Chlav / (V * Cf * Chlf * 10-6 )   (7)

where Chlav is the chl-a content in µg/L, V is the volume of the standard cell, Cf is the Carbon factor

and Chlf is the chl-a factor.

Statistical analyses

All statistical analyses were performed with SPSS 25. Cell concentrations were log-transformed to

achieve  homogeneity  of  variances,  and  compared  between  bottles  using  two-way  analysis  of

variance (ANOVA) with a randomised complete block design, treating each experiment as a block

(random factor).  Cell  concentration relationships were evaluated using Pearson product moment

correlations.
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Results

Differences

Cell concentration means are shown below (fig. 1). A trophic cascade is indicated by the back-and-

forth  of  the  bar's  relative  sizes.  Added  copepods  decrease  concentrations  of  ciliates  and

picoplankton  while  nanoflagellates  increase.  Significant  differences  between  treatments

(experimental and control) were found for ciliate (F=37.823, df=1, p<0.01), with a mean of 11.5

cells  mL-1  in  experimental  bottles  and  20.4  cells  mL-1  in  control  bottles.  Nanoflagellate

concentrations were also significantly different between treatments (F=39.774, df=1, p<0.01) with a

mean of 1537 cells mL-1 in experimental bottles and 982 cells mL-1 in control bottles. The mean

picoplankton concentration was 475558 cells mL-1 in experimental bottles and 542912 cells mL-1

in control bottles, corresponding to a mean of 0.110 µg L-1 in experimental bottles and 0.125 µg L-

1 in control bottles.  No significant differences between treatments were found for picoplankton

(F=3.291, df=1, p=0.129) or chlorophyll-a (F=3.292, df=1, p=0.129) concentration. Also, none of

the interaction terms between experiment and treatment were significant.

Figure 1. Mean (+/- SE) cell concentrations of ciliates, nanoflagellates and picoplankton 

in experimentalbottles (n=3) and control bottles (n=3) across all experiments (n=6). 

Ingestion

Clearance-  and  ingestion  rates  were  calculated  for  copepods,  ciliates  and  nanoflagellates  and

compared with other studies to assert their validity. The mean copepod clearance- and ingestion rate

were 1.65 mL ind-1 h-1 and 26 prey ind-1 h-1. Ciliates had a mean clearance- and ingestion rate of

0.003 mL ind-1 h-1 and 3.85 prey ind-1 h-1. Finally, nanoflagellate clearance- and ingestion rates

had a mean of 0.00054 mL ind-1 h-1 and 222.5 prey ind-1 h-1. The rates are summarized below

(fig.2-3),  and  correspond  pretty  well  to  earlier  studies'  (Wiadnyana  &  Rassoulzadegan,  1989;

Christaki et al., 2005), with the exception of nanoflagellates (Christoffersen et al., 1997), discussed

in more detail below.
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Figure 2. Clearance rates for each experiment and organism group.

Figure 3. Ingestion rates for each experiment and organism group.

Relationships

A positive correlation was found between nanoflagellate  and picoplankton abundance (r=0.872,

p<0.01)  (fig.  4e)  in  the  post-incubated  control  bottles.  Moreover,  across  all  bottles,  including

experimental  ones,  picoplankton  concentrations  and  chlorophyll-a  content  were  positively

correlated (r=0.688, p<0.01) (fig. 4d). Furthermore, across all bottles, a negative correlation was

found between every step on the chain, while a positive correlation was found between every two

steps on the chain. Thus, ciliates and nanoflagellates were negatively correlated (r=-0.491, p<0.01),

ciliates  and picoplankton  were  positively correlated  (r=0.403,  p<0.05),  and nanoflagellates  and

picoplankton were negatively correlated (r=-0.354, p<0.05) (fig. 4a-c). These results are discussed

in detail in the next section.

Figure 4. Scatterplots displaying correlations between pairwise cell abundances.
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Discussion

It  is  clear  that  added copepods  affect  the  cell  concentrations  of  all  lower  trophic  levels  (b-d).

Overall, the results are in line with the hypothesis of a trophic cascade being present, with some

exceptions.  No  correlations  indicative  of  trophic  cascades  were  found  in  the  samples  when

analyzing  across  post-incubated  control  bottles  (used  as  an  approximation  of  field  conditions).

Interestingly though, nanoflagellates and picoplankton showed a strong positive correlation (fig.

4e), contrary to what would be expected under the influence of a trophic cascade. This could be due

to the fact, discussed further down, that ciliates and nanoflagellates might compete for resources, in

a way that ciliates control picoplankton abundance top-down, while nanoflagellate abundance is

bottom-up controlled by access to picoplankton, which could yield such correlations.  There are

correlations indicative of a trophic cascade when analyzing across all post-incubated bottles. Given

the clear effect on cell concentrations of all trophic levels, this is expected, but does not really

provide further confidence in inferring the presence of a trophic cascade in situ. It does, however,

clearly  indicate  its  presence  in  vitro.  Furthermore,  there  is  a  strong  correlation   between

chlorophyll-a  and  picoplankton  concentrations  (r=0.872,  p<0.01)  across  all  bottles,  including

experimental ones. Thus, the estimation of picoplankton concentration from chlorophyll-a content

seems to be a good approximation, but the scatter show variation, and is probably due to the fact

that the standard cell used in calculations is too big and not fully representative for picoplankton (E.

Sherr et al., 1986). Also, size accounts of nanoflagellates range from 2-20 µm (Gasol et al., 1995),

so they could constitute a fraction of the chlorophyll content <5 µm. This method of estimation

should be refined to use chl-a content <2-3 µm to estimate picoplankton abundance, and ideally

exchanged for a more reliable method. One alternative would be to use the staining agent DAPI and

count cells using fluorescence microscopy, or by utilising x-ray microanalyses (XRMA) like in a

study by (Sundt-Hansen et al., 2006).

Moreover, no significant differences were found with regard to picoplankton, although the trend is

quite  clear.  This  could,  in  part,  be  attributed  to  a  low  concentration  of  nanoflagellates  in  the

samples, relieving picoplankton of intense predation pressure – compared to a study by (Lin et al.,

2014), where nanoflagellate concentration were roughly 30 times higher (73000-120000 cells mL-

1),  while  picoplankton abundance was roughly the same (320000-870000 cells  mL-1).  Another

contributing factor could be a lack of data in the controls of the second experiment. In a similar

study by Zoellner et al. (2009), the response of adding copepods was strongest at the ciliate level,

while the picoplankton-level was more complex and showed a weaker response. Applied here, this

means that  more replicates would be needed to demonstrate  a significant  effect.  The presented
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trophic cascade is simple and linear, but in reality these interactions can be cery complex. Some

nanoflagellates display selective feeding of certain picoautotrophic species (Christaki et al., 2005),

and some ciliates are known to feed on picoautotrophs as well (Gasol, 1994), sometimes even more

than nanoflagellates depending on the prokaryote size (Zoellner et al., 2009).  Also, the effect on the

bacterial  level  has  been  shown  to  increase  it's  diversity  (Zoellner  et  al.  2009),  and  the

picoplanktonic size distribution has been shown to influence the relative grazing impact by ciliates

and nanoflagellates, which in turn affects picoplanktonic growth rate  (Sherr et al., 1992). Given

these  points,  evaluating  community  composition  may  be  crucial  to  fully  understand  these

interactions, and expeiments with controlled communities and better control of nutrient conditions

should be conducted to better demonstrate the effects of trophic cascades in planktonic systems.

Regarding clearance- and ingestion rates, some rates are negative, especially for nanoflagellates,

which is clearly odd. The most likely explanation is that the grazing effect is not fully explained

from the size distribution used in calculations. Small ciliates are known to feed on picoplankton,

and in some studies they are shown to exert  even more predation pressure than nanoflagellates

(Sundt-Hansen et al., 2006). They thus compete with nanoflagellates for food if they constitute a

significant fraction of the total population, which could yield negative rates for nanoflagellates -

which  seems  likely,  since  the  experiments  with  the  most  negative  rates  are  those  with  high

abundances of ciliates. One way to get around this could be to use a smaller fraction of chl-a for

estimating  picoplankton  abundance,  for  example  <2-3  µm,  as  mentioned  above,  to  get  rid  of

confounding  effects  of  ciliates  feeding  on  organisms  <5  µm.  Also,  the  mean  nanoflagellate

ingestion  rate  in  this  experiment  is  about  40  times  higher  than  measured  in  another  study by

Christoffersen et al. (1997), who reported ingestion rates of 3-9 prey ind-1 h-1, probably owing to

an underestimation of the nanoflagellate abundance due to a too narrow classification (5-10 µm).

This  study has  investigasted  top-down control  mediated  by copepods  on  a  planktonic  system.

However, some studies suggest bottom-up interactions could also be a key player in determining

abundances of the lower trophic levels, especially in the field (Dinasquet et al., 2012). In particular,

nanoflagellate abundances seem to be controlled mainly by bottom-up interactions  (Gasol, 1994;

Gasol et al., 1995). I propose bottom-up control is mostly significant for the autotrophic part of the

nanoflagellate community, and if so, we should expect experiments excluding autotrophs from the

analysis  to  get  even clearer  results.  Furthermore,  given the  cascades  clear  presence,  we would

expect  variation  in  the  higher  levels  -  like  the  variation  caused  by predation  of  copepods  by

ctenophores  -  to  also  have  a  clear  effect  on  the  system.  This  has,  in  fact,  been  demonstrated

(Dinasquet  et  al.,  2012;  Graneli  & Turner,  2002),  and Zoellner  et  al.  (2009)  suggests  that  the

cascade could extend even further –  from fish to bacteria.
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Conclusion

In vitro indications of a trophic cascade are present in this study. It thus seems that copepods exert

top-down control on the planktonic system in Gullmar Fjord. Bottom-up interactions might also

have an effect on the abundance of organisms, especially nanoflagellates, and further studies should

focus on consolidating the two types of interactions for a clear picture of the structure of the system.
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