
Marine Environmental Research 178 (2022) 105664

Available online 25 May 2022
0141-1136/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Small suspension-feeding amphipods play a pivotal role in carbon dynamics 
around offshore man-made structures 

Ninon Mavraki a,*, Joop W.P. Coolen a, Danae-Athena Kapasakali b, Steven Degraer b,c, 
Jan Vanaverbeke b,c, Jan Beermann d,e 

a Wageningen Marine Research, P.O. Box 57, Ankerpark 27, 1781, AG Den Helder, the Netherlands 
b Royal Belgian Institute of Natural Sciences, Operational Directorate Natural Environment, Marine Ecology and Management, Vautierstraat 29, Brussels, 1000, Belgium 
c Marine Biology Research Group, Department of Biology, Ghent University, Krijgslaan 281/S8, Ghent, 9000, Belgium 
d Department of Functional Ecology, Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Am Handelshafen 12, 27570, Bremerhaven, Germany 
e Helmholtz Institute for Functional Marine Biodiversity at the University of Oldenburg, Oldenburg, Germany   

A R T I C L E  I N F O   

Keywords: 
Offshore wind farms 
Oil and gas platforms 
Fouling fauna 
Clearance rates 
Fecal pellets 
Jassa herdmani 
Southern North sea 

A B S T R A C T   

The establishment of artificial hard substrates (i.e. offshore wind farms and oil and gas platforms) on marine soft 
sediments increases the available habitat for invertebrate communities that would otherwise be restricted to 
natural hard bottoms. Suspension feeding invertebrates clear a significant amount of particles from the water 
column and release organic matter in the form of feces, influencing the basis of marine food webs and affecting 
surrounding environments. Artificial structures in the southern North Sea are dominated by a suspension-feeding 
crustacean in terms of abundance and sometimes even biomass: the amphipod Jassa herdmani. Animal densities 
of this tiny biofouler are known to exceed 1 million individuals per m2. Despite their small body sizes and their 
simple filter apparatus, we hypothesized that J. herdmani is a highly effective suspension feeder with a significant 
impact on neighboring communities due to its high abundances. In a feeding experiment, individuals of 
J. herdmani were provided with either an algal or an animal diet under two different temperature regimes. 
Clearance rates and fecal-pellet carbon (FPC) were measured. The results revealed high clearance rates and 
subsequent FPC, which were more pronounced at the higher temperature. Furthermore, clearance rates and FPC 
varied insignificantly with different food items. We further used the current findings for upscaling calculations to 
the total number of offshore windfarms and oil and gas platforms in the southern North Sea. Our calculations 
indicated that J. herdmani alone clears 0.33–4.71 km3 water per year in the southern North Sea. At the same time, 
these amphipods release 255–547 tons of carbon per year by means of defecation, thus enriching the surrounding 
soft sediments with organic matter. Our study highlights that tiny amphipods can mediate indirect effects of man- 
made structures in the North Sea, which could have a profound impact on pelagic and benthic habitats.   

1. Introduction 

Marine environments are subjected to intense human activity. Ma-
rine man-made structures, such as oil and gas platforms and offshore 
wind farms (OWFs) have been installed in many regions across the 
world. In the southern North Sea, the establishment of offshore wind 
farms proliferated rapidly over the last decades (Soma et al., 2019). 

These structures in the southern North Sea are mainly constructed on 
soft sediment bottoms, affecting sediment composition and grain size 
distribution, which, in turn, influence the benthic biodiversity (Coates 
et al., 2014) and biogeochemical cycles (De Borger et al., 2021). 

Furthermore, man-made structures (such as OWFs, oil and gas platforms 
and shipwrecks, but also coastal installations such as pier pilings and 
harbors) provide hard substrates that are rapidly colonized by marine 
growth, known as colonizing or fouling organisms (Atalah et al., 2013; 
Dannheim et al., 2020; De Mesel et al., 2015). The resulting commu-
nities are mainly characterized by r-strategists that quickly overgrow 
structures with dense coverage and which may dominate the areas for 
many decades (Coolen et al., 2020). The majority of these organisms are 
suspension feeders, which capture food particles that are suspended in 
the water column (Gili and Coma, 1998; Mayer-Pinto et al., 2018). Three 
suspension feeders, the blue mussel Mytilus edulis Linnaeus, 1758, the 
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amphipod crustacean Jassa herdmani (Walker, 1893) and the sea 
anemone Metridium senile (Linnaeus, 1761), dominate fouling commu-
nities in the southern North Sea in terms of abundance and biomass 
(Coolen et al., 2020; De Mesel et al., 2015). Mytilus edulis can reach 
densities of up to 23000 individuals m− 2, M. senile can occur in abun-
dances of up to 720 individuals m− 2, while J. herdmani has been reported 
in densities up to 1.45 million individuals m− 2 (Coolen et al., 2020). The 
filtration activities of such dense suspension feeding fouling fauna can 
enhance the transfer of organic carbon from the water column to the 
surrounding sediments (Ivanov et al., 2021) altering the basis of the 
benthic food webs. This is mainly achieved by the transfer of labile 
organic carbon in the form of (pseudo)feces (Ivanov et al., 2021). 
Increased deposition of organic material can cause a series of events, 
starting with increased sediment mineralization activity (De Borger 
et al., 2021) and leading to higher total organic carbon content in the 
sediments (Kalantzi and Karakassis, 2006; Bannister et al., 2014; Coates 
et al., 2014; Lefaible et al., 2018). In addition, recent modelling ap-
proaches indicated that the filtration activity of M. edulis decreases 
primary production up to 8% in OWF areas, with a noticeable footprint 
even 50 km away from the impacted areas (Slavik et al., 2019). How-
ever, the actual amount of water (and water particles) that is cleared by 
all the fouling organisms occurring on offshore wind turbines and oil 
and gas platforms in the southern North Sea is probably even much 
higher than the estimated values that are derived from the above-
mentioned studies. The contribution of J. herdmani to both organic 
material deposition and potential primary production decrease in the 
southern North Sea, however, is so far unknown. To our knowledge, 
most modelling studies were focused only on the effects of mussels on 
the wider marine environment, while the other dominant suspension 
feeders were not taken into consideration. However, the combined 
filtration activities of all suspension feeders occurring abundantly on 
offshore artificial structures in general, and OWFs specifically, need to 
be incorporated in spatial models (Ivanov et al., 2021), climate change 
studies (Voet et al., 2021) and food web models (Raoux et al., 2017) in 
order to fully understand the cascading effects of offshore artificial 
structures on the wider marine environment. 

Knowledge on the ecological footprint of J. herdmani is still scarce. 
Jassa herdmani is a hemi-sessile amphipod (Conlan et al., 2021) that 
dominates artificial hard substates (Conradi et al., 1997; De Mesel et al., 
2015) and builds cylindrical tubes made out of “amphipod silk”, 
mucus-secretions produced by glandular pereopods (e.g. Kronenberger 
et al., 2012a; 2012b). The tubes are enriched with organic material that 
is derived from the water column by the animals (Beermann and Franke, 
2012). Jassa individuals sit at their tubes’ openings, extending their 
prolonged antennae into the water column to obtain food (Beermann 
and Boos, 2015). Within the OWF areas in the Belgian part of the North 
Sea, J. herdmani and M. edulis combined graze up to 1.3% of the local 
primary producing standing stock. Jassa herdmani alone is already 
responsible for 1.15% reduction of the local primary producing standing 
stock in the OWF areas in the Belgian part of the North Sea (Mavraki 
et al., 2020c). 

With the continued proliferation of man-made structures harboring 
dense populations of J. herdmani, knowledge on its possible impact on 
surrounding marine environments is of pivotal importance. The present 
study investigated, for the first time, the ecological footprint of 
J. herdmani in the southern North Sea. We used an experimental 
approach to quantify the clearance rates and estimate the increase in 
organic carbon to the environment. We tested how clearance rate and 
the release of fecal-pellet carbon (FPC) relate to food quality in 
J. herdmani individuals. We further investigated how temperature would 
affect these factors. Our results were then upscaled to estimate and 
predict the impact of J. herdmani on marine communities around man- 
made structures in the Southern North Sea as a response to the high 
clearance rates and FPC release of this species. 

2. Materials and methods 

2.1. Organism collection 

Live specimens of J. herdmani were collected from a navigational 
buoy located at the eastern coastal part of the island of Helgoland 
(German Bight, North Sea) in October 2017. The amphipod assemblages 
were carefully scraped off the buoy using a sampling net (mesh size: 1 

Fig. 1. General experimental set-up used in this study for the investigation of 
clearance rates and fecal pellet carbon release of the amphipod Jassa herdmani. 
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mm) and transported to the lab in big plastic containers filled with 
seawater. This allowed for the collection of fouling assemblages without 
causing damages to the organisms. Adult female J. herdmani individuals 
(body length >6 mm) were randomly selected from the collected fouling 
assemblages. Only female individuals were used in our experiments, as 
sexually active males strongly reduce feeding activities due to their 
mating behavior (see Conlan et al., 2021), and, therefore, should not 
contribute to the reduction of particles from the water column. These 
sexually active males make up only a small fraction of a Jassa population 
(Beermann 2014). Behavioral responses of this species are mainly 
related to females, since males seem to follow females to places where 
they can expect receptive individuals (Beermann and Franke, 2012). 
Correspondingly, behavioral responses are mainly related to adult fe-
male individuals of this species, which can then be regarded as repre-
sentative for the entire population (Beermann and Boos, 2015; 
Beermann and Franke, 2012). Only larger specimens were used because 
live specimens of smaller size cannot be safely distinguished at species 
level from their sympatric congeners in the North Sea (Beermann and 
Franke, 2011; Conlan et al., 2021). 

2.2. Experimental set-up 

Cylindrical aquaria (20 cm height and 10 cm diameter) were each 
filled with 700 ml filtered seawater, and supplied with a piece of mesh 
(height and length: 10 × 15 cm, mesh size: 500 μm) to facilitate set-
tlement of the animals (Fig. 1). The experimental units were set up in 
climate rooms under two different temperature regimes: 12 ◦C (average 
water temperature in the area over the year) and 18 ◦C (typical average 
water temperature in summer) under stable environmental conditions 
(12 h light: 12 h darkness; constant aeration). Thirty individuals of 
J. herdmani were placed in each aquarium and starved for 24 h to 
standardize hunger levels and to allow for acclimation and defecation of 
the animals. 

After the 24 h acclimatation period, most J. herdmani individuals had 
settled and built tubes on the mesh, indicating optimal conditions and no 
behavioral stress responses by the animals (Beermann and Boos, 2015; 
Beermann and Purz, 2013). Seawater in the aquaria was then exchanged 
completely with fresh filtered seawater, ensuring that apart from the 
provided treatment, no other particles were introduced. The experiment 
was then started with the addition of the food particles. Two different 
food treatments were provided: an algae diet providing powder of dried 
Ulva thalli (oven-dried for 5 h at 50 ◦C; dry weight ≈ 0.3 g) and an 
animal diet treatment using live freshly hatched Artemia nauplii (wet 
weight ≈ 0.07 g). Conically tapering bottoms of the aquaria ensured that 
food particles did not settle on the ground but were resuspended in the 
water column by gentle aeration with a glass pipe (Fig. 1). 

Six replicates (aquaria) were conducted per food treatment (Ulva, 
Artemia) for each temperature (12 ◦C, 18 ◦C) with a corresponding 
number of control aquaria; i.e. identical setup but with no addition of 
experimental animals (2 × 2 x [6 + 6] = 48 aquaria in total). 

Thirty minutes after the initiation of the experiment a 5 ml water 
sample was taken from each aquarium using a volumetric syringe to 
determine the initial particle concentration. All food particles in the 
sample were counted using a stereomicroscope and then returned to the 
respective aquaria. At the end of the experimental period of 24 h, 
another 5 ml sample was obtained, again all food particles counted and 
returned to the respective aquaria. These particle counts were used to 
calculate a clearance rate. 

All J. herdmani individuals were collected from their aquaria after 
~24 h and kept in labelled petri dishes with filtered seawater to allow 
gut evacuation. This ensured that only the provided food treatment 
accounted for the analysis. Mortality in the set-ups was negligible (6 
dead individuals out of 720 experimental animals for the entire exper-
iment), however dead individuals at the end of the experiment were 
recorded and separated. The experimental units were carefully emptied, 
collecting all remaining particles (fecal pellets and food) by sieving the 

water through a 100 μm mesh size sieve. Unconsumed food particles and 
fecal pellets were separated under a stereomicroscope. All organisms 
and particles were stored in Eppendorf tubes in a − 20 ◦C freezer until 
further analysis. Subsequently, all samples were freeze-dried, weighed 
(DW in g) and analyzed for their total carbon (C) and nitrogen (N) 
content, using an elemental analyzer, where the samples were catalyti-
cally burned in a reaction tube with pure O2 gas. 

2.3. Data analyses 

2.3.1. Clearance rate 
The clearance rate (CR) was measured as the volume of water that 

was cleared by one individual per unit of time. Clearance rate calcula-
tions were based both on particle counts and the food DW. The DW of the 
Artemia-nauplii provided to J. herdmani individuals at the beginning of 
the experiments was calculated using the ratio between fresh and dry 
weight, based on the average weight of ten standard Artemia-nauplii 
samples (0.224 ± 0.00599 g [mean ± s.e.]). 

The CR was calculated for all replicates (both treatments and con-
trols) using the following equation: 

CR=
v
t
∗

[

ln
(

C0

Ct

)]

where v is the volume of the cores (liters), t is time of the feeding 
experiment (hours), C0 is the food particle concentration or food DW at 
the beginning and Ct is the food particle concentration or food DW at the 
end of the experiment (Cranford et al., 2011; Rosa et al., 2020). All CRs 
were corrected for changes in the control groups, by subtracting the 
mean CR of the six controls with the same food and temperature, from 
each CR of the treatment replicates (Coughlan, 1969). Corrected CRs per 
replicate were divided by the number of animals of the respective 
experimental unit, resulting in CR per individual in liters per hour. This 
was calculated for each temperature-food combination, based on food 
particle counts and on food DWs. Since the CR based on food particle 
counts resulted in some negative values, we mainly focused on the 
analysis of CR based on DW values. 

To evaluate the effect of temperature and food type on CR, a 
generalized linear model was formulated in R version 4.0.2. using the 
mgcv package (Wood, 2011). Since food concentration varied slightly 
between experiments which may have had an effect on particle removal 
rate (Coughlan, 1969), the initial concentration of food in the water was 
also included in the model. The model was validated by evaluating the 
underlying assumptions of homogeneity of variance and normality of 
the residuals (Zuur and Ieno, 2016). Cook’s distance was assessed and 
residuals were plotted against all variables in the model and against 
experimental time, food weights and counts at the beginning of the 
experiment as well as fitted values to assess model fit. These plots were 
visually inspected to detect unwanted patterns (Zuur and Ieno, 2016). 
Since CR should be composed of continuous positive data, a log-normal 
distribution was used. The model had the following form: 

ln(CRi)=α+ β1∗temperaturei + β2∗foodtypei + β3∗startconcentrationi + εi  

in which CRi is clearance rate in liters per individual per hour for 
replicate i. The residuals εi were assumed to be normally distributed 
with a mean of 0 and variance of σ. 

Based on the model, a generalized CR with standard error was pre-
dicted for each of the four groups, using the average within group 
starting DW of the food. 

2.3.2. Production of fecal matter 
The effect of temperature, food type and initial food concentration 

on the production of fecal pellets (as C content) was investigated using a 
generalized linear model with log-normal distribution of the form: 

ln(Ci)=α + β1∗temperaturei + β2∗foodtypei + β3∗startconcentrationi + εi 
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where Ci is the amount of carbon produced per individual per hour for 
replicate i. The residuals εi were assumed to be normally distributed 
with a mean of 0 and variance of σ. During model validation, 4 out of the 
24 replicates showed high Cook’s distance. Therefore, the model was 
recalculated without these 4 datapoints. This resulted in similar CR as 
the model based on all datapoints, thus, these datapoints were kept in 
the model. No further unfavorable patterns were observed during model 
validation. 

Based on the model, a generalized amount of carbon released per 
individual per hour with standard error was predicted for each of the 
four groups, using the average within group starting particle count of the 
food. 

The C:N ratio of the fecal pellets produced by the J. herdmani in-
dividuals was estimated at the end of the experimental period to identify 
whether the fecal pellets have higher nutritional value in colder months 
and to examine if they would differ between the two provided food 
sources. Due to technical issues, C:N ratios were only available for 5 of 
the 6 replicates per group. The C:N ratio of the feces was modelled in 
relation to the C:N ratio of the provided food and temperature. Time 
elapsed was included in the model as a random effect to correct for any 
unforeseen changes in C:N ratios. The model was formulated with a log- 
normal distribution and had the following form: 

ln
(
(C : N)i

)
= α + β1∗temperaturei + β2∗C : N ​ foodi + εi  

in which (C:N)i is the C:N ratio for replicate i. 
The residuals εi were assumed to be normally distributed with a 

mean of 0 and variance of σ. 
Model validation methods were similar to those applied to CR. 

2.4. Upscaling calculations 

In order to transfer the findings of this experiment to an ecosystem 
scale, i.e. the estimated total number of J. herdmani individuals on all 
OWFs and oil and gas platforms in the southern North Sea (Belgium, 
Germany and Netherlands), we performed calculations by combining 
the results of this study and literature data (Table 1). The most 
commonly used foundation types for offshore wind turbines in the 
southern North Sea are steel monopiles (De Vos et al., 2011). Only one 
wind farm (Thornton Bank offshore wind farm) in the Belgian North Sea 
comprises wind turbines with gravity-based and jacket foundations 
(Degraer et al., 2012). Oil and gas platforms that were included in this 
analysis are constructed using steel jacket foundations that are colonized 
with the same fouling species as offshore wind turbine foundations 
(Coolen et al., 2020). The different foundation types provide different 
surface areas (see Table 1), and consequently habitat for fouling fauna 
colonization. Therefore, species abundances on the different founda-
tions types were considered for the upscaling calculations. The mean 
clearance rate per individual (number of particles d− 1) and the fecal C 

Table 1 
Data used for the upscaling calculations for the clearance rates (l water d− 1) and 
excretion of C in the form of fecal pellets (mg C d− 1) by Jassa herdmani in-
dividuals occurring on platforms (offshore wind and oil and gas) in the southern 
North Sea.  

Data Artemia Ulva References 

Mean clearance rate per 
individual (l h¡1) 12◦C 

0.00076 2.083e-6 this experiment 

Mean clearance rate per 
individual (l h¡1) 18◦C 

0.00121 3.333e-6 this experiment 

Mean FPC per individual (mg C 
h¡1) 12◦C 

7.917e-5 8.333e-5 this experiment 

Mean FPC per individual (mg C 
h¡1) 18◦C 

0.000125 1.667e-4 this experiment 

Mean clearance rate per 
individual (l d¡1) 12◦C 

0.01815 0.00005 this experiment 

Mean clearance rate per 
individual (l d¡1) 18◦C 

0.02906 0.00008 this experiment 

Mean FPC per individual (mg C 
d¡1) 12◦C 

0.0019 0.0020 this experiment 

Mean FPC per individual (mg C 
d¡1) 18◦C 

0.0030 0.0040 this experiment 

Total surface area (m2) per 
BELGIAN MONOPILE 

1129  Rumes et al. 
(2013) 

Total surface area (m2) per 
BELGIAN JACKET 

1331  Rumes et al. 
(2013) 

Total surface area (m2) per 
BELGIAN GRAVITY-BASED 

2989  Rumes et al. 
(2013)   

standard error 
Average density (ind. m¡2) per 

BELGIAN MONOPILE 
31,731.47 6551.84 Dannheim et al. 

in prep. 
Average density (ind. m¡2) per 

BELGIAN JACKET 
105,397.30 37,788.53 Dannheim et al. 

in prep. 
Average density (ind. m¡2) per 

BELGIAN GRAVITY-BASED 
38,178.16 5121.44 Dannheim et al. 

in prep. 
Average density (ind. m¡2) of 

active J. herdmani per 
BELGIAN MONOPILE 

30,144.89 6224.25  

Average density (ind. m¡2) of 
active J. herdmani per 
BELGIAN JACKET 

100,127.50 35,899.10  

Average density (ind. m¡2) of 
active J. herdmani per 
BELGIAN GRAVITY-BASED 

36,269.25 4865.36  

Number of MONOPILES in 
BELGIUM 

340  Degraer et al. 
(2020) 

Number of JACKETS in 
BELGIUM 

48  Degraer et al. 
(2020) 

Number of GRAVITY-BASED 
foundations in BELGIUM 

6  Degraer et al. 
(2020) 

Total surface area (m2) on 
DUTCH MONOPILES 

1306  Dannheim pers. 
comm. 

Total surface area (m2) on 
DUTCH JACKETS 

2600  van der Stap et al. 
(2016)   

standard error 
Average density (ind. m¡2) per 

DUTCH MONOPILE 
236,204.40 37,635.46 Coolen et al. 

(2020) 
Average density (ind. m¡2) per 

DUTCH JACKET 
151,486.90 21,319.64 Coolen et al. 

(2020) 
Average density (ind. m¡2) of 

active J. herdmani per 
DUTCH MONOPILE 

224,394.20   

Average density (ind. m¡2) of 
active J. herdmani per 
DUTCH JACKET 

143,912.50   

Number of MONOPILES in 
NETHERLANDS 

462  OSPAR 
Commission, 
2018 

Number of JACKETS in 
NETHERLANDS 

160  Noordzeeloket 
(2016) 

Total surface area (m2) on 
GERMAN MONOPILES 

1123  Dannheim pers. 
com. 

Total surface area (m2) on 
GERMAN JACKETS 

1300  Krone (2012)   

standard error 
Average density (ind. m¡2) per 

GERMAN MONOPILE 
131,004.20 8258.97 Dannheim et al. 

in prep.  

Table 1 (continued ) 

Data Artemia Ulva References 

Average density (ind. m¡2) per 
GERMAN JACKET 

240,110.20 38,668.63 Dannheim et al. 
in prep.     

Average density (ind. m¡2) of 
active J. herdmani per 
GERMAN MONOPILE 

124,454.00   

Average density (ind. m¡2) of 
active J. herdmani per 
GERMAN JACKET 

228,104.70   

Number of MONOPILES in 
GERMANY 

1118  OSPAR 
Commission, 
2018 

Number of JACKETS in 
GERMANY 

3  OSPAR 
Commission, 
2017  
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release per individual (mg C d− 1) for the two different food items and 
temperatures were used for the upscaling calculations. Furthermore, the 
average densities of J. herdmani (individuals m− 2) on the different types 
of foundations and the surface areas (m2) of these foundations were also 
included in the calculations. From the entire J. herdmani population, 
95% were considered to be actively feeding, which includes females, 
juveniles and sexually non-active, while sexually active males were 
excluded from the upscaling calculations (Beermann, 2014). 

3. Results 

3.1. Clearance rates 

Clearance rates based on particle counts indicated negative values in 
the 12 ◦C Ulva treatment (Fig. 2A), caused by an increase in the number 
of particles during the experiment. This pattern was observed in all Ulva 
replicates, including the controls. Therefore, CRs based on food DW 
were used here. These indicated a single negative CR value, but it did not 
result in a negative CR in the model output (Fig. 2B). 

The generalized CR values based on the generalized linear model 
(Table S1) showed that CR was significantly higher (by approximately 
1.6 times) in 18 ◦C compared to 12 ◦C (p < 0.05). Furthermore, the diet 
based on Artemia nauplii resulted in 377 times higher CR in comparison 
with an Ulva-based diet although this difference was not significant (p =
0.07). A positive correlation between starting DW of the food and CR (p 
= 0.09) was observed. Adjusted R2 of this model was 0.72. 

3.2. Fecal pellet carbon release 

The amount of C (mg ind− 1 h− 1) released in the form of fecal pellets 
was significantly (by 1.8 times) higher in 18 ◦C than in 12 ◦C (p < 0.01; 
Fig. 3, Table S2). The C released by Ulva-fed individuals was 29% higher 
than by Artemia-fed individuals, but the difference was not significant (p 
= 0.4). No significant relation (p = 0.6) between particle counts at the 

beginning of the experiment and C release was observed. Adjusted R2 of 
the model was 0.23. 

3.3. C:N ratios 

Although the C:N ratios were 1.15 higher in 18 ◦C than in 12 ◦C, no 
significant difference was found (p = 0.15) (Fig. 4, Table S3). Similarly, 
although the C:N ratios of fecal pellets produced by Artemia-fed in-
dividuals equaled 0.93 times of the C:N ratios of those produced by Ulva- 
fed individuals, no significant differences were found between the 
groups (p = 0.4) (Fig. S1). Adjusted R2 of the model was 0.05. 

3.4. Upscaling results 

The upscaling calculations indicated that the CR of all J. herdmani 
individuals occurring on all oil and gas platforms and offshore wind 
turbines in the southern North Sea ranges from 327,178 to 4,713,973 * 
106 L y− 1 (Table 2). 

Furthermore, the deposited carbon in J. herdmani feces amounts 
between 255 and 547 ton C y− 1 (Table 3). 

Fig. 2. Clearance rates (L h− 1) of Jassa herdmani at 12 and 18 ◦C per individual, 
based on food particle counts and on food dry weights. Dark boxes: Ulva-fed 
individuals, light boxes: Artemia-fed. 

Fig. 3. Released carbon (mg ind− 1 h− 1) at 12 and 18 ◦C in the form of feces. 
Dark boxes: Ulva-fed individuals, light boxes: Artemia-fed individuals. 
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4. Discussion 

In this study, we experimentally quantified the clearance rate (CR), 
carbon release in feces and C:N ratio of the feces of the fouling amphipod 
Jassa herdmani. 

Increased CRs in higher temperatures were probably the result of 
higher metabolic rates of amphipods at increased temperature (Jakob 
et al., 2021). Similar patterns have been observed in many other 
amphipod species (Becker et al., 2016; Doyle et al., 2012). However, 
data on the CR of amphipod species are scarce. We noticed that the CR of 
J. herdmani in our experiment (2.0*10− 6 – 1.2*10− 3 l ind− 1 h− 1) was 
remarkably lower than that of the tube-dwelling amphipod Corophium 
volutator (640 *10− 3 ± 5.4*10− 3 l ind− 1 h− 1; Møller and Riisgård, 2006). 
However, a direct comparison of CRs of the two species is probably 
meaningful only to a limited extend due to differences in habitats, 
feeding behavior and feeding mechanisms between these two species. 
While C. volutator lives in mudflats and is a surface-deposit and sus-
pension feeder (Riisgård and Kamermans, 2001) that feeds unselectively 
on fine particles (Nielsen and Kofoed, 1982), J. herdmani is a competitive 
species that chooses for the energetically more favorable food (Mavraki 
et al., 2020a). The results of this study further indicate the selective 
feeding of J. herdmani with a preference towards zooplanktonic food 
items. 

The feeding behavior of J. herdmani could also partly explain the 
negative CR observed in the Ulva-thalli treatments when CR was 
calculated based on food particle counts. Some Jassa species are capable 
of complementing the suspension feeding by grazing macroalgae (Jeong 
et al., 2004, 2006). Incomplete (‘messy’) feeding on the provided food 
particles by J. herdmani could have divided the Ulva particles into 
multiple, smaller particles. This could have resulted in higher particle 
counts at the end of the experimental period compared to the initial 
count. Another possible and potentially complementary reason for the 
negative CR values would be the decomposition of the Ulva particles 
themselves. It is plausible that decomposing Ulva particles were frag-
mented caused by the constant water movement in the experimental 
set-up. The data on the CR based on particle counts should therefore be 
regarded with caution. 

The quantity of FPC and the C:N ratio of fecal pellets of J. herdmani 
also varied with temperature. Significantly larger FPC amounts and 
insignificantly higher C:N ratios were observed at the higher tempera-
ture, which is in line with observations for many benthic invertebrates, 
such as the Pacific oyster Crassostrea gigas (Mitchell, 2006), the blue 
mussel Mytilus edulis, the zebra mussel Dreissena polymorpha (Lauringson 
and Kotta, 2016) and the planktonic copepods Calanus finmarchicus and 
C. glacialis (Hjorth and Nielsen, 2011). This indicates that the release of 
FPC by J. herdmani individuals should be higher during summer months, 

Fig. 4. C:N ratio of fecal pellets at 12 and 18 ◦C. Dark boxes: Ulva-fed in-
dividuals, light boxes: Artemia-fed individuals. 

Table 2 
Upscale results of the clearance rates of the amphipod Jassa herdmani to the total 
number of offshore wind turbines and oil and gas platforms in Belgium, the 
Netherlands and Germany.  

Clearance rate 
calculations 

Artemia s.e. Ulva s.e. 

Total clearance rate in 
Belgium (ML d¡1) 
12◦C 

337.92 0.90 86.57 0.23 

Total clearance rate in 
Belgium (ML d¡1) 
18◦C 

541.10 1.44 138.63 0.37 

Total clearance rate in 
the Netherlands (ML 
d¡1) 12◦C 

2460.22 9.40 544.46 1.44 

Total clearance rate in 
the Netherlands (ML 
d¡1) 18◦C 

5674.63 15.05 871.80 2.31 

Total clearance rate in 
Germany (ML d¡1) 
12◦C 

4183.82 11.10 265.35 0.70 

Total clearance rate in 
Germany (ML d¡1) 
18◦C 

6699.27 17.77 424.88 1.13 

Total clearance rate in 
Belgium (ML y¡1) 
12◦C 

123,342.43 327.20 31,599.51 83.83 

Total clearance rate in 
Belgium (ML y¡1) 
18◦C 

197,500.03 523.92 50,598.20 134.22 

Total clearance rate in 
the Netherlands (ML 
y¡1) 12◦C 

897,979.35 3431.41 198,727.07 527.17 

Total clearance rate in 
the Netherlands (ML 
y¡1) 18◦C 

2,071,238.71 5494.48 318,208.45 844.13 

Total clearance rate in 
Germany (ML y¡1) 
12◦C 

1,527,094.29 4051.00 96,850.97 256.92 

Total clearance rate in 
Germany (ML y¡1) 
18◦C 

2,445,234.53 6486.60 155,081.01 411.391 

Total clearance rate in 
southern North Sea 
(ML y¡1) 12◦C 

2,548,416.07 7809.61 327,177.55 867.92 

Total clearance rate in 
southern North Sea 
(ML y¡1) 18◦C 

4,713,973.27 12505.00 523,887.66 1389.741  

N. Mavraki et al.                                                                                                                                                                                                                                



Marine Environmental Research 178 (2022) 105664

7

when water temperatures are higher than in autumn and winter. 
Nevertheless, further research is needed for the quantification of the C 
release with lower water temperatures. However, biodeposition rates 
should be lower during the winter months when metabolic rates are 
reduced due to the lower water temperatures. 

C:N ratios have been used as a tool to assess the nutritional values of 
food items, e.g. detritus, fecal pellets, etc. (Jaramillo et al., 1992; 
Kautsky and Evans, 1987). These ratios are highly dependent on the 
carbon and nitrogen content of the food that is ingested and on the 
extent to which the elements are assimilated by the animals (Anderson, 
1994). Temperature can affect this assimilation (Jaramillo et al., 1992). 
The results of the C:N ratios of the fecal pellets in this study suggest a 
slightly higher nutritional value of feces in the colder months, because 
lower C:N ratios indicate higher nutritional quality (Christie et al., 2009; 
Dethier et al., 2019). Finally, slightly higher C:N ratios for the Ulva-fed 
individuals were observed compared to those feeding on Artemia, which 
indicates that the feces of the first individuals were relatively low in 
nitrogen, something that has been previously observed in an experiment 
on sea urchins (Dethier et al., 2019). 

In this study, even though we observed that J. herdmani clears 
Artemia in a rate of 377 times higher than when it feeds on Ulva, the fecal 
pellet carbon (FPC) release was higher when the diet was Ulva (29% 
higher but not significantly different than with the Artemia diet). This 

could be explained by the different assimilation efficiencies from 
J. herdmani individuals when they are provided with different food items 
(Yingst, 1976). The percentage composition of the different food items 
was not the same and J. herdmani could have the ability to remove the 
organic matter more effectively from Ulva than from Artemia, as it has 
also been proven for sea cucumbers when feeding on different food 
sources (Yingst, 1976). Another potential explanation for this contra-
dictory finding would be the possible rupture of the fecal pellets deriving 
from the Artemia-fed J. herdmani individuals. The rupture of the fecal 
pellet membranes can lead to the loss of small particulate fractions from 
the pellets, which would eventually decrease their carbon content 
(Urban-Rich et al., 1998). However, it should be noted that neither the 
FPC nor the CR between the different food items were significantly 
different. 

Due to the enormous abundances of J. herdmani in the southern 
North Sea (densities of up to 1.45 million individuals m− 2 – Coolen et al., 
2020) on offshore wind turbines and oil and gas platforms, these small 
crustaceans alone potentially filter incredibly high amounts of water 
(0.33–4.71 km3 y− 1). The volume of the entire North Sea is 54,000 km3. 
Thus, J. herdmani clears up to 0.009% of the North Sea water per year. 
This adds up to the filtering capacity of further coexisting fouling or-
ganisms on these man-made structures. Apart from J. herdmani, the blue 
mussel Mytilus edulis is also a dense fouler on offshore artificial struc-
tures. Jassa herdmani was found in this experiment to clear between 
2.0061*10− 6 and 1.2109*10− 3 l ind− 1 h− 1. Mytilus edulis, however, can 
clear up to 1.5–2.2 l ind− 1 h− 1 (Pascoe et al., 2009). As M. edulis in-
dividuals have much larger body sizes than J. herdmani the difference in 
clearance rates can be expressed in the following way: M. edulis can filter 
between 5.3 and 10.0 l g− 1 h− 1 (Petersen et al., 2004), whereas 
J. herdmani can filter between 6.23*10− 5 and 0.031 l g− 1 h− 1. An 
upscaling exercise regarding the potential mussel abundance on future 
OWFs (5000 turbines) in German waters indicated that they could clear 
the amount of water that is in the same order of magnitude as the 
discharge of the rivers Elbe, Weser, Ems and Eider (4.56× 109 l h− 1 or 
0.0046 km3 h− 1) into the German Bight (Krone et al., 2013). It is, thus, 
evident that knowledge of cumulative effects of both the increasing 
number of offshore structures and the subsequent effects of the fouling 
organisms is necessary for an understanding of potential impacts of 
artificial hard substrates on marine ecosystems. 

Fecal pellets are important components for nutrient recycling within 
the mixed water column in the oceans, while they play a significant role 
in the fraction of vertical carbon flux (Ploug et al., 2008). Biodeposition 
products of fouling organisms induce organic enrichment on the sur-
rounding sediments (Coates et al., 2014; Lacoste et al., 2018). This, in 
turn, induces changes in the benthic fauna composition, with some 
infauna species (mainly deposit feeders) being attracted towards the 
organic loading (Callier et al., 2018; McKindsey et al., 2011). The fecal 
pellets produced by J. herdmani and other fouling organisms rapidly 
alter the sedimentary carbon pools (Ivanov et al., 2021) and might also 
attract small opportunistic deposit-feeding organisms that are attracted 
by the enrichment with organic material (Dumbauld et al., 2009; Lefa-
ible et al., 2018). The increased number of deposit feeders might attract 
higher predators, increasing the trophic diversity at the lower depths of 
these installations (Mavraki et al., 2020b). As fecal pellets constitute 
transported units of repacked organic material, their trophic importance 
could be substantial, especially from highly abundant taxa such as Jassa. 
The nutritious feces may contribute to the creation of a linkage between 
fouling and benthic communities, since some opportunistic benthic 
species rely on detritus (Dethier et al., 2019). They might also lead to a 
connection between fouling and benthic food webs, as it has already 
been detected for shellfish farms (Mascorda Cabre et al., 2021), when 
shellfish occur in large densities. 

In the North Sea, mean net primary production can range from 145 g 
C m− 2 y− 1 (Moll, 1998) to 213 g C m− 2 y− 1 (Lancelot et al., 2005) and 
approximately 1/3 of this amount is deposited on the sediments (Pro-
voost et al., 2013). Based on this and the amount of C that J. herdmani 

Table 3 
Upscale results of the release of carbon by Jassa herdmani individuals occurring 
on all offshore wind turbines and oil and gas platforms in Belgium, the 
Netherlands and Germany.  

Calculations of the 
release of carbon 

Artemia s.e. Ulva s.e. 

Total release of carbon 
in Belgium (g C d¡1) 
12◦C 

34,735.00 8898.99 37,964.63 9726.29 

Total release of carbon 
in Belgium (g C d¡1) 
18◦C 

55,016.89 14,094.96 75,165.35 19,256.86 

Total release of carbon 
in the Netherlands 
(g C d¡1) 12◦C 

370,154.11 55,964.40 404,570.68 61,167.92 

Total release of carbon 
in the Netherlands 
(g C d¡1) 18◦C 

576,977.65 88,642.20 788,280.27 121,105.04 

Total release of carbon 
in Germany (g C 
d¡1) 12◦C 

293,164.40 18,644.77 320,422.54 20,378.34 

Total release of carbon 
in Germany (g C 
d¡1) 18◦C 

464,344.09 29,531.51 634,397.68 40,346.63 

Total release of carbon 
in Belgium (ton C 
y¡1) 12◦C 

12.68 3.25 13.86 3.55 

Total release of carbon 
in Belgium (ton C 
y¡1) 18◦C 

20.08 5.15 27.44 7.03 

Total release of carbon 
in the Netherlands 
(ton C y¡1) 12◦C 

135.11 20.43 147.67 22.23 

Total release of carbon 
in the Netherlands 
(ton C y¡1) 18◦C 

210.60 32.35 287.72 44.20 

Total release of carbon 
in Germany (ton C 
y¡1) 12◦C 

107.01 6.71 116.95 7.44 

Total release of carbon 
in Germany (ton C 
y¡1) 18◦C 

169.49 10.78 231.56 14.73 

Total release of carbon 
in southern North 
Sea (ton C y¡1) 12◦C 

254.80 30.39 278.48 33.22 

Total release of carbon 
in southern North 
Sea (ton C y¡1) 18◦C 

400.17 48.28 546.72 65.96  
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individuals release with their fecal pellets in the southern North Sea, it is 
estimated that the deposition of organic material could be increased by 
0.3–0.9% in the entire southern North Sea (Table 4). Even though this 
amount seems to be negligible, fecal pellets have high settling velocities 
(Giles et al., 2009), which results in high deposition rates on the sedi-
ments surrounding the offshore wind foundations (Baeye and Fettweis, 
2015; Coates et al., 2014) and oil and gas platforms (Wolfson et al., 
1979; Boesch and Robilliard, 1987). The biodeposition products can be 
fragmented and resuspended (Giles et al., 2009), extending the enrich-
ment with organic material farther away from the foundations (Baeye 
and Fettweis, 2015; Ivanov et al., 2021). This increase in biodeposition 
indicated by this experiment should also be regarded combined with the 
other fouling organisms on man-made structures, as well as any future 
increase in the number of offshore installations. A recent model created 
by Ivanov et al. (2021) showed that the long-term (20 years) bio-
deposition of M. edulis can lead to an increased concentration of organic 
matter in the upper 10 cm of sediment by 10–11% within the Belgian 
OWF area, while when extrapolated to the entire Belgian part of the 
North Sea this amounts to 0.2–0.5%. 

5. Conclusions 

The introduction of artificial hard substrata influences marine eco-
systems in multifaceted ways. Since offshore structures provide habitat 
for hard-bottom fauna in soft-bottom dominated regions and create 
virtual no-take zones for fisheries, this may result in an overall biodi-
versity increase in an area (Causon and Gill, 2018; Dannheim et al., 
2020). The colonization of OWFs and oil and gas platforms in the 
southern North Sea by J. herdmani induces changes to the marine 
environment, resulting in an increase in organic matter deposition of 
0.3–0.9% in the southern North Sea and clearing up to 0.009% of the 

entire North Sea water per year. The results of this study underline the 
significant role that J. herdmani potentially plays in marine environ-
ments. There is a clear need to thoroughly investigate all the (abun-
dantly occurring) fouling species and their influence to the marine 
environment to completely understand the effects of these structures on 
the water column and the surrounding sediments. The feeding and 
defecation activities of billions of animals per structure may have pro-
found effects already now but also in the future when even more and 
larger offshore structures will be built in the North Sea. 
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