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Abstract
Climate change imposes unusual long-term trends in environmental conditions, plus some tremendous shifts in

short-term environmental variability, exerting additional stress on marine ecosystems. This paper describes an empiri-
cal method that aims to improve our understanding of the performance of benthic filter feeders experiencing changes
in environmental conditions, such as temperature, on time scales of minutes to hours, especially during daily cycles or
extreme events such as marine heatwaves or hypoxic upwelling. We describe the Fluorometer and Oximeter equipped
Flow-through Setup (FOFS), experimental design, and methodological protocols to evaluate the flood of data, enabling
researchers to monitor important energy budget traits, including filtration and respiration of benthic filter-feeders in
response to fine-tuned environmental variability. FOFS allows online recording of deviations in chlorophyll and dis-
solved oxygen concentrations induced by the study organism. Transparent data processing through Python scripts
provides the possibility to adjust procedures to needs when working in different environmental contexts
(e.g., temperature vs. pH, salinity, oxygen, biological cues) and with different filter-feeding species. We successfully
demonstrate the functionality of the method through recording responses of Baltic Sea blue mussels (Mytilus) during
one-day thermal cycles. This method practically provides a tool to help researchers exposing organisms to environ-
mental variability for some weeks or months, to relate the observed long-term performance responses to short-term
energy budget responses, and to explain their findings with the potential to generalize patterns. Themethod, therefore,
allows a more detailed description of stress-response relationships and the detection of species’ tolerance limits.

Benthic filter-feeders play critical roles in the cycling of nutri-
ents and energy in numerous marine habitats (Gili and
Coma 1998; Dame et al. 2001). Their filtration activity can regu-
late the load of suspended particulate organic matter and con-
taminants such as heavy metals (Widdows et al. 1998) as well as
the population density and community structure of micro-
planktonic primary producers and pathogens in shallow waters
(Burge et al. 2016). Due to their profound effect on structural het-
erogeneity, species diversity and functioning of ecosystems, vari-
ous species of benthic filter-feeders are viewed as ecosystem
engineers (Dame et al. 2001). Besides, benthic filter-feeders sup-
port commercially important aquaculture industries that provide

food and non-food services with an annual global worth of � 35
billion US dollars (van der Schatte Olivier et al. 2018).

In shallow marine ecosystems, benthic filter-feeders can
experience short-term systematic or stochastic fluctuations in
ambient seawater conditions (daily to weekly cycles) due to
weather events, irradiance variation, tides or wind-driven
changes in water levels, upwelling and downwelling events,
and changes in biological activity (Boyd et al. 2016; Wahl
et al. 2016). Ongoing climate change induces long-term
(annual to decadal) unusual trends in environmental condi-
tions (e.g., warming, acidification, and deoxygenation), as well
as shifts in short-term fluctuation patterns of environmental
regimes (Lima and Wethey 2012), which threatens benthic
taxa, including filter-feeders (Przeslawski et al. 2008). To
advance our empirical understanding of organisms’ perfor-
mance in a changing ocean, developing experimental setups
for high-temporal resolution monitoring of organisms’ ener-
getics traits in dynamic environments and automated data
processing is crucial. This enables a more detailed description
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of stress-response relationships and detection of species’ toler-
ance limits.

The two most important energy budget traits of benthic filter-
feeders, filtration (feeding), and respiration rates can be monitored
through flow-through setups (Riisgård 2001; Filgueira et al. 2006;
Bayne 2017). In a closed chamber setup (including intermittent
closure techniques), the filtration activity of the organism can sub-
stantially decrease or stop due to depletion of food before a signifi-
cant oxygen-depletion signal (i.e., respiration) can be detected
(Widdows 1976) and the physicochemical conditions can be con-
trolled less efficiently. Importantly, during exposure to suboptimal
food levels, filter-feeders usually decrease and decelerate their filtra-
tion and aerobic metabolism to conserve energy (Kittner and
Riisgård 2005; Riisgård et al. 2006; Tang and Riisgård 2016). In a
flow-through setup, the experimental food level can be manually
or automatically maintained within the range of interest. How-
ever, so far, the application of flow-through setups has been
mostly limited to investigations on a single response (filtration or
respiration) to constant treatment conditions (Riisgård 2001;
Filgueira et al. 2006; Pleissner et al. 2013). Widdows (1973) mea-
sured filtration or respiration of mussels under constant
temperatures based on weekly snapshot-measurements of phyto-
planktonic food and dissolved oxygen concentrations in water
flowing into and out of an experimental chamber using an oxime-
ter and a Coulter counter. High-temporal resolution (continuous)
recording of filtration and respiration responses in parallel was
only described by Haure et al. (2003) who used a flow-through
setup equipped with a laboratory fluorometer and an oximeter in
a short (3 h) experiment. One limiting factor preventing more fre-
quent use of such experimental setups in the past could have been
the high cost of measurement equipment (especially the labora-
tory fluorometer) limiting replication of measurements. Further-
more, it is technically challenging to record the responses of filter-
feeders exposed to environmental fluctuations in an air- and
water-tight flow-through setup, as time, temperature, and other
physical and chemical factors can confoundmeasurements.

In this paper, we present an experimental method developed
for monitoring rates of filtration and respiration in parallel as
well as simplistic estimation of filter-feeders’ surplus of energy
available for growth (scope for growth [SFG]), in response to
short-term environmental fluctuations. We describe the design
of our setup in conjunction with the protocols used for
semiautomated data processing. We also implement and test
the method in an experiment on the responses of blue mussels
(Mytilus spp.) from the Baltic Sea to daily thermal fluctuation
cycles. Finally, we discuss the benefits and constraints of the
setup and recommend directions for future applications, such
as its potential applicability to multifactorial investigations.

Use materials and procedures
The setup

We designed a Fluorometer- and Oximeter-equipped Flow-
through Setup (FOFS) with the ability to simulate thermal

regimes and to record physiological parameters of benthic filter-
feeders. FOFS is schematically illustrated in Fig. 1 (see also the
photographic view in Supplementary Information Fig. S1). The
peristaltic pump “Pump1” (ISMATEC MCP 12 channels, Cole-
Parmer) creates a constant flow of seawater from a multi-param-
eter-controlled source tank (600 L; Kiel Indoor Benthocosms,
KIBs, described in Pansch and Hiebenthal 2019) to the “dilution
tank” (250 mL). The peristaltic pump “Pump2” (ISMATEC
REGLO digital four channels, Cole-Parmer) produces a steady
flow of phytoplankton food suspension from the “food tank” to
the dilution tank. The cryptophyte Rhodomonas salina (cultured
at 16�C by the Kiel Marine Organism Culture Centre at GEO-
MAR, KIMOCC) is applied as the food source in our setup as in
many other experiments with filter-feeding marine inverte-
brates (Clausen and Riisgård 1996; Riisgård et al. 2013; Sanders
et al. 2018). Before each experiment, the food tank (� 10 liters)
is filled with a high-concentration R. salina suspension (e.g.,
� 3 × 105 cells mL−1). The food concentration in the dilution
tank can be adjusted according to the needs of the study organ-
isms by varying concentration, composition, and pumping
rates of Pump1 and Pump2. The resulting food suspension is
pumped from the dilution tank into four separate paths (PathC

and PathS1–3). PathC represents the control path where oxime-
try and fluorometry are conducted in the absence of the study
specimen, while PathS1–3 can harbor one or more specimen per
unit (Fig. 1; Fig. S1). For higher replication, the number of paral-
lel paths can be easily increased. Along each path, the food sus-
pension flows first into a cylindrical Plexiglas chamber
(100 mL; incubation or oximetry chamber) through an inlet at
its lower part of the sidewall. After filling the chamber, the sus-
pension flows out via an outlet at the top of the incubation
chamber and into a cylindrical nontransparent PVC chamber
(350 mL; fluorometry chamber). Finally, the suspension dis-
charges from the outlet located at the upper part of the fluo-
rometry chambers. Relatively thin (here 0.80- and 2.54-mm
inner diameter in Pump2- and Pump1-paths, respectively) sili-
con tubes in the setup reduce settling rates of the phytoplank-
ton suspension. Plexiglas tube-compatible connectors are used
as inlets and outlets of the chambers. The suspensions inside
the food and dilution tanks, and incubation and fluorometry
chambers are steadily mixed by laboratory magnetic stirrers
(HI190M, HANNA instruments; Fig. 1a,b; Fig. S1).

Dissolved oxygen concentration is recorded via sensor spots
(SP-PSt3-NAU, PreSens Precision Sensing; resolution ± 0.1% O2

at 20.9% O2 or ± 0.04 mg L−1 at 9.1 mg L−1) attached to the
inner surface of the incubation chambers (Fig. 1a,b; Fig. S1).
Sensor spots are read out by an oximeter (OXY-4 mini, PreSens
Precision Sensing) through optical fibers connected to the cyl-
inders’ outer surface. Configuration and data logging are
achieved using the corresponding software. Sensor spots are cal-
ibrated based on the two-point calibration protocol (PreSens
2017). The reference measurements were conducted in anoxic
water (prepared by dissolving 10 g of sodium sulfite in 1000 mL
water) and water-vapor saturated air.
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Food concentration is measured using fluorometers (Cyclops
7f, Turner Designs; application: chlorophyll in vivo, blue excita-
tion; minimum detection limit: 0.00003 mg L−1; linear range:
0–0.5 mg L−1) in dark and well-mixed conditions inside the
fluorometry chambers (Fig. 1; Fig. S1). Fluorometers are set up
and data are recorded using the Cyclops-explorer connectors
and software (Turner Designs).

The size of incubation (oximetry) chambers must be large
enough to satisfy the space requirements for the species’ nor-
mal activities (i.e., related to the size of study specimens). The
volume of the fluorometry chamber is chosen to provide a

distance of � 8 cm between the fluorometer’s optical face and
the chamber floor while the optical face and shade caps of the
fluorometer are entirely submerged (Turner Designs 2020).

The source-water tank (600 liters) is equipped with a control
system (Profilux 3.1TeX; GHL Advanced Technology) automat-
ing thermal simulations. A temperature profile (in .csv format)
is submitted via the GHL-controller software to the ProfiLux
computer, which then adjusts the source-water temperature.
More parameters (pH/pCO2, salinity, etc.) can also be manipu-
lated in automated procedures. This type of GHL-equipped
source-water tank has been successfully implemented within

Fig. 1. Schematics of the Fluorometer- and Oximeter-Equipped Flow-through Setup (FOFS). (a) Schematic top view indicating the flux of seawater, con-
centrated and diluted food suspension (depicted by the brown shading) through the setups’ main components, including the source-water tank, the
food tank, the dilution tank, water baths, and incubation (Plexiglas, 100 mL) and fluorometry (PVC, 350 mL) chambers. PathC indicates the control path
where oximetry and fluorometry are conducted without any study specimen. During a trial, filter-feeders are placed within the incubation chambers
(PathS1–3). (b) Schematic side view indicating the flux of suspension in PathSn. The dissolved oxygen and chlorophyll concentrations are recorded within
the incubation (oximetry) and fluorometry chambers, respectively.
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the Kiel Indoor and Outdoor Benthocosm systems (for more
details, seeWahl et al. 2015 and Pansch and Hiebenthal 2019).

To minimize heat loss in FOFS, a water pump (EHEIM) gen-
erates a flux of source water (� 2 L min−1) into two water
baths positioned in sequence: the first water bath (aquarium
of 50 × 30 × 15 cm) holds incubation and fluorometry cham-
bers and the second water bath (20 × 15 × 10 cm) holds the
dilution tank (Fig. 1a). Additionally, air-exposed areas of sili-
con tubes are covered by heat-reflective thermal blankets to
conserve heat.

If the source water becomes supersaturated with air, the
formation of air bubbles can disturb the oximetry and fluo-
rometry. This can be avoided by intensive aeration of the
source-tank water during the experiment.

General experimental design and procedure
A randomized block design can be used for experimenting

with FOFS. Each experiment can involve several temporally
repeated trials with similar treatments but different study spec-
imens. Each trial has three subsequent stages, a pre-, a main-,
and a post-trial (for an exemplary scheme, see Fig. 2). During
pre- and post-trials, the setup runs in the absence of speci-
mens for � 3 h at a constant baseline temperature until the
readout of all sensors becomes and remains stable for > 60 min
(Fig. 2). Later in the data processing, we use data of each pre-
and post-trial to account for the baseline dissimilarities
between readouts of different sensors and to check whether
measurements were affected by random factors over the
corresponding main trial.

During all stages of a trial, one of the paths (i.e., PathC) acts
as the control. Accordingly, the incubation chamber located on
PathC contains only the temperature logger (EnvLogger, Elec-
tricBlue) but no filter-feeder. After the pre-trial, the other

incubation chambers located on PathSn are de-capped, and the
study specimens are placed on plastic-mesh seats inside the
chambers (Fig. 1b). The chambers are then recapped, avoiding
air bubbles. At this point, the fluorometry chamber caps must
be also repositioned to eliminate potentially trapped air bubbles.

After each post-trial, and before starting a new pre-trial,
FOFS must be run with deionized water for � 20 min and the
chambers’ interior must be brushed thoroughly to remove
remnants of the studied specimens (e.g., feces and associated
microbial biota).

Data processing through python scripts
Here, an overview of different steps of the data processing is

provided with a focus on the techniques used to correct and con-
vert measurements and calculate the response variables. The
associated Python scripts can be found in the Supplementary
Information Scripts. Notes and explanatory remarks provided
throughout the scripts clarify how the steps and commands in
the scripts work and how one can use and adopt them.

Dissolved-oxygen concentration calculator
“DO_calculator.py” (Supplementary Information Script S1)

transforms the phase angle data (phi) collected via PreSens Pts3
sensor spots (and Oxi4-mini oximeter) to the dissolved-oxygen
concentration in % air-saturation considering the temperature-
sensitivity of the phase angle and Stern–Volmer constant. The
% air-saturation data are then converted to μmolO2 L

−1 consid-
ering ambient temperature and salinity. The ambient tempera-
ture data used in the processing are recorded by the logger
placed within FOFS. The equations used in this calculator are
based on the Oxi4-mini instruction manual (PreSens 2004).

Future users applying oximeters lacking the automatic
temperature-correction and unit conversion can revise the
script based on the specifications of their device (sensors).

Trial-by-trial analysis
“FOFS_trial-by-trial_processing.py” (Supplementary Informa-

tion Script S2) can be applied to process raw data and generate
outputs including data frames and time series plots of raw,
corrected, and converted versions of measurements and calcu-
lated data of the response variables for each experimental trial.

Step 1 (filtration and feeding rates)
The script reads in pre-trial series of food concentration

(mV) and names them “pre_C_mV_Chl” or “pre_Sn_mV_Chl.”
The series are denoised (trended) using a time-windowed slider
with an iterative robust location estimator such as Tukey’s
biweight or Welsch estimators (Wotan module; Hippke et al.
2019). Robust estimation assigns more weight to the data
points closer to the central values of the sliding window (for a
detailed description of different types of estimators, refer to
Hippke et al. 2019). The trended mV series suffixed by
“_Trend” are then corrected using the temperature correction
coefficient (Supporting Information Text S1) and saved with
the additional suffix “_TC.”

Fig. 2. An exemplary trial with a daily thermal fluctuation cycle is indi-
cated. The main trial is preceded and followed by a pre- and post-trial
period without filter-feeder, respectively. During the main trial, the organ-
isms’ response to fluctuation is recorded. The main trial can also comprise
periods of a constant condition before and after the fluctuation, which
allows organisms to acclimate to the ambient condition and provides
insight into how consistent the responses are during exposure to a static
ambient condition.
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The trended- and temperature-corrected mV series are plot-
ted to select the “pre-trial stable-data.” The criterion for
selecting the stable-data is explained in Supplementary Infor-
mation Text S2. The pre-trial stable-data of PathC is averaged
and then converted from mV to cells mL−1 using the conver-
sion coefficient (Supporting Information Text S1), which will
be used later as “the initial concentration.” Ideally, the conver-
sion coefficient is checked at each pre-trial since it might
change slightly due to variation in the positioning of the fluo-
rometer on the chamber and the rate of magnetic stirring.

The main trial mV series are also denoised and, then, corrected
using the temperature-correction coefficient (Fig. 3b). The mV
data of each sensor are then expressed as percentage of the mean
value of the pre-trial stable-data of the same sensor (named
“percent_C” and “percent_Sn” in the script). This procedure elimi-
nates the baseline differences in the absolute value of output
between the fluorometers as the output of each fluorometer is
directly proportional to the chlorophyll (R. salina) concentration
signal (Cyclops 7 User’s Manual; R2 > 0.985 based on our observa-
tions). The food concentration series are finally converted from
the percentage to cells mL−1 (“cell_per_ml_C” and
“cell_per_ml_Sn”), considering that the “initial cell concentra-
tion” is 100% (compare Fig. 3b with Fig. 3c).

In each FOFS path, the fluorometry chamber, which has a
350-mL volume due to the space requirements of the fluorome-
ter (refer to Use material and procedures: The setup), is inevita-
bly positioned downstream to the incubation (oximetry)
chambers (Fig. 1b). The oximetry chamber contains a relatively
small volume of a well-mixed solution. Any change in the res-
piration or filtration activities of the study specimen almost
instantly alters the dissolved oxygen or food concentration in
the oximetry chamber and in the inflow to the fluorometry
chamber. The inflow is being mixed with the solution in the
larger fluorometry chamber; therefore, any measured change in
food concentration is a dampened (temporally lagged and
weakened) version of a change in the inflow food concentra-
tion. The script uses a linear differential equation (Campbell
and Haberman 2008; Supporting Information Text S3) to
improve the estimation of rapid changes in the measured food
concentration (Fig. 3c,d). These rapid changes in food concen-
tration can occur because of filtration shutdown or recovery of
the study organism. Notably, if the measured food concentra-
tion follows a consistent trend with no rapid changes, no cor-
rection is done (Supplementary Information Fig. S3).

The resulting time-series is used to calculate the filtration
and feeding rates of study specimens (Fig. 3e) based on Eqs. 1
and 2, respectively (modified after Larsen and Riisgård 2011).

filtSn mLmin−1� �
=
foodC cellsmL−1� �

– foodSn cellsmL−1� �

foodSn cellsmL−1� �

× flow rate mLmin−1� �

ð1Þ

feedSn cellsmin−1� �
= foodC cellsmL−1� �

− foodSn cellsmL−1� �
× flow rate mLmin−1� � ð2Þ

The final time series of filtration and feeding rates are
named “filt_ml_per_min_Sn” and “feed_cell_per_min_Sn” in
the script.

Step 2 (respiration rate)
The same techniques are used to denoise pre- and main-

trial dissolved oxygen concentration (% air-saturation and
μmol L−1) and to define and average the “pre-trial stable-data”
(refer to Step 1; Fig. 4a,b).

There might be small baseline differences between the out-
puts of the oximeters due to imperfect sensor calibration. For
example, we calibrated the sensor spots twice manually and
twice using the calibration data provided in the Final Inspec-
tion Protocol for the PreSens Pts3 sensor spots. The differences
between the sensors when FOFS was running in the absence
of filter-feeders were comparable to the differences recorded in
air (i.e., < 1.2% air saturation). The sensors’ baseline outputs
may be even more comparable if the sensors are calibrated in
a shared calibration medium, although this is hard to conduct
when the sensor spots are attached to different chambers.
Nonetheless, the average pre-trial stable measurement of each
sensorSn is subtracted from the counterpart value of the sen-
sorC, and this baseline difference is later added to the main-
trial data of the sensorSn (Fig. 4c). Notably, this correction
simplistically assumes that the calibration curves of sensorSn
and sensorC are nearly parallel over the experimental range of
dissolved-oxygen concentration and therefore imposes cumu-
lative errors as the measured concentration of sensorSn deviate
from the pre-trial reference. For example, if the difference
between measurements of sensorS1 and sensorC is � 1% at a
real ambient concentration of 100% air saturation, after the
correction the two values will depart < 0.1% per 10% decrease
in the ambient concentration.

The final version of main-trial data (named “con-
trol_ymol_per_l_C” and “corrected_ymol_per_l_Sn” in the script)
are then applied to Eq. 3 to calculate the respiration rate.

respSn μmolO2min−1� �
= oxygC μmolL−1� �

−oxygSn μmolL−1� �� �

× flow rate Lmin−1� �

ð3Þ

Step 3 (scope for growth)
The principal outputs of data processing are filtration and

respiration records. The script also provides a very simplistic
estimation of surplus of energy available for growth based on
the assimilated energy minus the respired energy (the basic
definition of the SFG; Widdows 1976). The SFG can be esti-
mated based on the experimental feeding rate (Eq. 4) or,
instead, based on the feeding rate at a hypothetical food
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Fig. 3. Data processing flowchart with acquired time-series graphs of fluorescence intensity in mV, Rhodomonas salina concentration, and mussel (Mytilus
spp.) filtration rates for an experimental trial (04–06 November 2019) including pre- (a), main- (b–e), and post-trial (f) stages. Data from PathC (the con-
trol path) are displayed as green lines. Data from PathS1–3 are displayed as shades of blue (see the legend at the top of the plot). The measurement fre-
quency is 0.5 min (x-axis titles of pre- and post-trial subplots).
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Fig. 4. Data analysis flowchart with acquired time series graphs of the dissolved-oxygen concentration and mussel (Mytilus spp.) respiration rates for an
experimental trial (04–06 November 2019) including pre- (a), main- (b–e), and post-trial (f) stages. The measurement frequency is 0.5 min (x-axis titles
of pre- and post-trial subplots).
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concentration (e.g., the average experimental food concentra-
tion). The hypothetical feeding rate (feedhypSn in J h−1) is cal-
culated based on the filtration rate at a constant food
concentration foodhyp in J mL−1 (Eq. 5). SFGhypSn is then esti-
mated based on feedhypSn, respSn (i.e., the respiration rate in J
h−1), and the assimilation efficiency (AE) of 80% (based on
the average value reported in Widdows and Bayne 1971)
through Eq. 6.

SFGSn Jh−1
� �

= feedSn Jh−1
� �

×AE−respSn Jh−1
� �

ð4Þ

feedhypSn Jmin−1� �
= filtSn mLmin−1� �

× foodhyp JmL−1� � ð5Þ

SFGhypSn Jh−1
� �

= feedhypSn Jh−1
� �

×AE−respSn Jh−1
� �

ð6Þ

Conversion factors of 1.75 μJ per R. salina cell (Kiørboe
et al. 1985) and 450 kJ per molO2 (Widdows and Hawkins
1989) are applied.

Step 4 (cumulative random effects)
FOFS assumes that the deviations in food and dissolved-

oxygen concentrations between PathC and each PathSn are
only due to the study specimens’ filtration and respiration
during the main trial. Therefore, it is important to check the
possible contribution of random (non–filter-feeder) factors. To
do so, the average of the “post-trial stable-data” (of each
sensorSn) is used to assess how close the post-trial filtration
and respiration rates are to zero (refer to Figs. 3f, 4f). Post-trial
responses are expected to be equal or close to zero, as this
stage is conducted in the absence of study specimens. The
post-trial responses are compared with the main-trial baseline
filtration and respiration rates to roughly estimate the ratios of
the non–filter-feeder- to filter-feeder-induced signals (i.e., the
cumulative random impacts in percent; refer to Figs. 3e,f, 4e,
f). Baseline filtration or respiration rate is defined in the script
as the average of 180th to 480th main-trial data points, while
future users may need to change the interval based on the
observed responses.

It must be considered that cumulative random effects are
those non–filter-feeder (confounding) effects which are still
detectable after the main trial (in the post-trial stable-data),
which could be due to long-lasting drifts in sensor measure-
ments, bacterial respiration which may be boosted due to rem-
nants of the study specimens (i.e., ammonia/feces released),
settlement of the food-organism (in this case R. salina) and possi-
ble changes in the speed of magnetic stirrers. Future users need
to also ensure that their measurements are not impacted by tran-
sient random effects (e.g., temporary electrical interventions and
sensor malfunctions) through “blank trials” (for an example, see
Assessment and discussion: Demonstration experiment).

FOFS integrative processing
The data frames created through the trial-by-trial processing

can be integrated using “FOFS_integrative_processing.py”

(Supplementary Information Script S3). Importantly, a data
sheet containing dry weights and shell lengths of study speci-
mens (e.g., Supplementary Information Table S1) must be man-
ually added to the experimental folder, before executing the
script.

The script first merges post-stage data frames, including
all estimated cumulative random effects (“%_cumulative_
random_effects_Sn” in the script). Then, it concatenates main-
trial data frames one by one, plus defining size-standardized
rates of filtration, feeding, respiration, and SFG for the repli-
cates. All responses are standardized to shell length and dry tis-
sue weight as proxies for gill surface area and tissue volume
(Hamburger et al. 1983; Riisgård 2001). Any change to the
complete experimental data frame (“experiment_df”), such as
excluding a broken part, can be done through “manual imposi-
tion of changes.”

The script produces line plots, each aggregating over repli-
cated values of a specific variable at each time point and
shows estimates of the averages with the respective 95% confi-
dence intervals.

Finally, thermal variations in responses are described
through Generalized Additive Models (pyGAM module; Servén
and Brummitt 2018) using data of the whole experiment or a
specific phase of it (e.g., the warming or cooling phase of a
thermal fluctuation treatment). The best fit GAM is selected
using a grid search over multiple values of the regularization
parameter and n-spline values seeking the lowest Generalized
Cross-Validation score (for more details on GAM, refer to
Wood 2017).

Assessment and discussion
Demonstration experiment

In a few studies, flow-through setups were applied for simul-
taneous measurement of filtration and respiration of aquatic
organisms under static experimental conditions (Widdows
1973; Haure et al. 2003). Besides, guidelines are available for
the design of flow-through setups proper for measuring the fil-
tration rate under static conditions (Filgueira et al. 2006; Larsen
and Riisgård. 2011). Here, we describe the design of a FOFS and
provide the protocols used for semiautomated data processing
through Python scripts. The method described here allows for
high-resolution monitoring of filtration and respiration rates
in response to dynamic environmental conditions, ultimately
enabling the detection of the ecological limits of benthic filter
feeders facing climate change. The methods’ functionality is
tested in a demonstration experiment, testing the key assump-
tion that the deviations of processed concentrations of each
specimen path (PathSn) from those of the control path (PathC)
of FOFS in time is only due to the respective filter-feeder being
examined during a dynamic treatment.

In many shallow-water marine habitats (including the Bal-
tic Sea), temperature changes at time scales of seconds,
minutes or hours to days and weeks, during daily temperature
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cycles, heatwaves and/or upwelling events (Lima and Wethey
2012; supplementary information in Pansch and Hiebenthal
2019). Therefore, we applied our newly developed method in
six trials using daily thermal cycles.

In four trials, we exposed mussels (Mytilus spp. specimens
from Kiel Fjord, Western Baltic Sea) to daily temperature fluc-
tuations. Before the trials, study specimens were kept at con-
stant 16�C and fed once per day with R. salina for 3 weeks.
The minimum and maximum temperatures experienced by
the mussels in the main trials were 18�C and 27.5�C, which
were reached at 5:00 and 17:00 during the day, respectively.
The rate of linear change (rise and decline) was ± 0.79�C h−1.
After each trial, all specimens were kept in 0.5 μm filtered sea-
water at room temperature (16�C) for � 10 h to release feces
(minimizing the effect of feces-weight on mussel dry tissue
weight). Afterward, the length of specimens was measured
using a caliper and their tissue was dried at 80�C for 30 h and
weighed using an electronic balance (0.1 mg; Sartorius).
Besides, we checked that the thermal exposures do not impose
substantial changes on the phytoplanktonic food (Rhodomonas
salina) concentration (Supplementary Information Text S4
and Fig. S4).

Two blank trials, each with a pre- and a main-trial phase,
were conducted to check whether processed measurements of
different sensors remain comparable over the experimental
time and over the temperature range in the absence of mussels.
The prestage of the first blank trial (14–16 October 2019) was
carried out following the standard cleaning procedure. The
prestage of the second trial (01–03 November 2019) was

initiated as a follow-up of the mussel-inclusive trial (without
the cleaning) to see how remnants of the mussels
(e.g., ammonia/feces released, which might have possibly
affected microbial activities in the tubing and chambers) could
have affected the respiration and filtration time series under
the influence of temperature and time over the main trial. The
minimum and maximum temperatures in our two blank trials
were 18�C or 20�C and 28�C or 29�C, respectively.

During all demonstration trials, seawater salinity was
ca. 21 PSU, and the flow rates of Pump1 and Pump2 were con-
stantly 16 and � 2 mL min−1, respectively. The food tank was
refilled with concentrated food-solution after each trial. The
sensitivity of the fluorometers was set to X10, which is suit-
able for measuring in the range of 1 to 5 μg Chl L−1, compris-
ing the concentration range of our experiment. Readout
frequencies of the fluorometers, the oximeter, and the temper-
ature logger were set to 30 s.

All data of the demonstration experiment, including blank
and mussel trials’ data, are archived and accessible in Pangaea
(www.pangaea.de; Vajedsamiei et al. 2020).

Blank trials provide a performance check
Trends of food or dissolved oxygen concentration were com-

parable between PathSn and PathC over the main stage of the
blank trials, supporting the main assumption that differences
between PathSn and PathC should only emerge from the study
specimens (Supplementary Information Fig. S5). There were
minor temporal decreases in food concentration (Supplementary
Information Fig. S5a,c), possibly due to settlement and/or death
of R. salina cells. As both, oxygen solubility in seawater and the
rate of dissolved-oxygen removal within the FOFS tubing and
chambers are temperature-dependent, oxygen content varied lin-
early with temperature (Supplementary Information Fig. S5b,d).
Due to the constant air bubbling of the source tank, the source
water remained saturated (� 100%) with oxygen (confirmed by a
WTW dissolved oxygen concentration meter, Multi 3630 IDS).

Calculated filtration and respiration rates stayed consis-
tently close to zero with slight variability for both blank trials
(Supplementary Information Fig. S6). The mean and standard
deviation of responses during the main stage of the two blank
trials are reported in Supplementary Information Table S2.

The prestage of the second blank trial (“01_nov”) was done
as an immediate follow-up of a mussel-trial, without cleaning
of the system. Its outcomes indicate that remnants of the mus-
sels did not cause notable deviations in concentration between
PathC and each PathS1–3 under the influence of temperature
and time over the main trial. In the second blank trial, slight
(transient) irregularity in dissolved-oxygen records of PathC

caused minor transient drifts in the calculated respiration rates
of PathS1–3 (Supplementary Information Figs. S5d, S6d), con-
tributing almost half of the mean respiration rate
(Supplementary Information Table S2). Random transient
irregularities were also observed in chlorophyll data but
affected data of all four paths similarly. Yet, these random drifts

Fig. 5. Temporal variation in the length-specific filtration rate (a) and
weight-specific respiration rate (b), along the daily temperature cycle.
Data were pooled over multiple trials and replicates (10 replicates blocked
in time) in the demonstration experiment. Replicated values were aver-
aged at each time point, presented with 95% confidence intervals.

9

Vajedsamiei et al. Recording filtration and respiration under environmental variability

http://www.pangaea.de


are minor compared to the filter-feeders’ response signal (com-
pare Supplementary Information Fig. S5 with Fig. 5). Random
irregularities might be explained by voltage fluctuations during
working hours when high loads of electricity are being used.
Future users may need to apply an online Uninterruptible
Power Supply (UPS) to stabilize the voltage.

Mussel trials confirm applicability
The mussels induced differences in food and dissolved oxy-

gen concentrations between PathS1–S3 and the control (PathC),
which were used to define filtration and respiration rates
(Supplementary Information Figs. S7, S8). In one mussel trial,
the specimen of PathS3 expressed filtration shutdown and
intermittent respiration shutdowns before being exposed to
the thermal fluctuation, which was different from the
responses of other studied mussels (Supplementary Informa-
tion Fig. S8c,d). Besides, in another mussel-trial, the resump-
tion of respiration of the specimen of PathS2 resulted in
unusually high respiration rates (Supplementary Information
Fig. S8f), due to magnetic stirrer arrest preventing efficient
mixing of the solution inside the oximetry chamber. As the
size of the studied mussels was large, the release of hypoxic
water trapped within the shells during the metabolic depres-
sion resulted in a decrease in oxygen concentration recorded
when the medium was not mixed efficiently. Data of these two
replicates were excluded from the following integrative
processing.

For each replicate, the ratio of the post-trial filtration (or respira-
tion) and the main-trial baseline filtration (or respiration) rate
expressed as a fraction of 100 are provided as estimates of cumula-
tive random effects, estimating how big the random effect is com-
pared to the baseline response signal (Supplementary Information
Table S3). A negative (or positive) effect means that non–filter-
feeder factors might have led to a higher (or lower) food or dis-
solved oxygen measurements by SensorSn compared to SensorC
during the post-trial. The values indicate how much the filtration
(or respiration) might have been under- or overestimated especially
for data points recorded closer to the end of the main-trial period.
The absolute value of average post-trial filtration rate was 0.1
mL min−1 that could be expressed as � 0.2% with reference to the
baseline rate. The remnants of mussels and the resulting microbial
activity contributed to post-trial respiration rates, which was on
average 0.016 μmolO2 min−1 (i.e., � 7% of the mussels’ mean
baseline respiration). While the random effects cannot be
corrected, their recognition can help the user to better interpret
the results and decide if data of a replicate must be removed from
the analysis due to large drifts.

The rates of scope for growth of the studied mussels, esti-
mated based on calculated filtration rates at (hypothetical)
concentrations of 1000 and 4000 cells mL−1, are presented in
Supplementary Information Fig. S9. It should be noted that
our estimation of hypothetical SFG simplistically assumes that
the respiration rate is independent of the ambient food con-
centration (not considering respiratory costs of the feeding at

Fig. 6. Thermal response curves. Filtration and respiration rates of mussels as functions of the temperature in the warming (a,b) and cooling phases
(c,d) of the mussel trials of demonstration experiment, modeled by the best-fit generalized additive models (dark-blue lines). The warming and cooling
phases correspond to the time intervals 5:00–17:00 and 17:00–5:00, respectively.
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different food levels; Secor 2009). Future users can also esti-
mate “SFG at the experimental food regime” based on real-
time feeding and respiration rates (plots not presented here).
Notably, both experimental and hypothetical SFGs neglect
that AE may vary when environmental conditions change,
especially in relation to organic content of food and ingestion
rate (Hawkins et al. 1996).

Temporal variation in rates of filtration and respiration
averaged over pooled replicated data of the mussel-trials are
presented in Fig. 5. The mean rates of filtration decreased with
warming (Fig. 5a). The maximum tolerated temperature, at
which a steep drop in average filtration rate could be observed,
was � 24�C during the warming phase. During the subsequent
cooling phase, mussels started increasing their filtration at
� 27–28�C; however, only to a maximum level of � 50% of
the initial rate (Fig. 5a). The mean respiration rate started to
decline during the warming phase at � 24�C, down to half of
the initial values, and then started to increase again during the
subsequent cooling phase at � 30�C, and finally reached the
initial respiration rate (Fig. 5b). Variance (interindividual vari-
ability) was larger for the respiration-depression response than
for the filtration shutdown.

The ambient food concentration and feeding rate of the
study organisms over an experiment would be of interest to
those investigating energetic costs of feeding or specific
dynamic action (refer to Secor 2009). Considering the study
question and the optimal filtration rates of the study speci-
mens, one can regulate the food-tank concentration and the
pumping rates to generate any ambient food concentrations of
interest. Our studied mussels were large and their filtration
activity on average decreased their ambient food concentration
from � 3800 to 800 cells mL−1 over the period preceding the
filtration shutdown (Supplementary Information Fig. S10a).
Concentrations < 1000 cells mL−1 can be considered as mar-
ginal to suboptimal food levels for the filtration activity of
Mytilus spp. (Riisgård et al. 2013); therefore, our studied mus-
sels were probably food limited over that few-hour period.
Mussels’ respiration rates induced on maximum � 10% air-sat-
uration decrease in dissolved oxygen (Supplementary Informa-
tion Fig. S10b). The outflowing water oxygen levels remained
above 80% saturation.

We compared our estimates of the baseline mean filtration
and respiration rates of Mytilus specimens with the predictions
based on previously published literature functions
(Hamburger et al. 1983; Pleissner et al. 2013; more detailed
description in Supplementary Information Text S5). The
predicted rates of length-specific filtration and weight-specific
respiration for Mytilus are 1.85 (mL mm−1 min−1) and 0.41
(μmolO2 g−1 h−1). Our average baseline estimates were � 1.3
and 0.4, respectively (Fig. 5a,b), showing that our estimates
are in line with the expectations.

Thermal variation in filtration and respiration rates in the
warming and cooling phases of the mussel trails was described
by generalized additive models (Fig. 6). Differences of the

thermal response curves between the warming and cooling
phases indicate time-dependent effects (i.e., in general,
changes in the instant rate of thermal response over time due
to alteration of the functional context by, for example, accli-
matization, stress, and damage; Kingsolver et al. 2015).

Challenges and solutions provided by FOFS and the
suggested data processing

In FOFS, we successfully used submersible fluorometers that
are more affordable and easier to handle due to their small size
compared to previously applied laboratory fluorometers
(Haure et al. 2003; Pleissner et al. 2013). We provide the pro-
cedure for temperature correction and unit conversion of
Chlorophyll data, which was successfully tested in the demon-
stration experiment. The Python scripts explicitly facilitate all
steps of data processing, making our method more under-
standable and adaptable for future studies. It applies a robust
modeling technique for denoising measurements. It includes
the dampening-effect correction which can be applied to data
obtained through similar flow-through setups (including
aquarium or mesocosm-based systems) in which the sensors
are inevitably positioned in a series of chambers of different
sizes. The three-stage design of experimental trials enables esti-
mation of cumulated random effects (as a measure of the tem-
poral precision of measurements) soon after the end of a trial,
allowing the users to exchange malfunctioning sensors in time
and to better interpret the observed patterns of temporal varia-
tion in responses.

Other technical issues include the bubble formation in tub-
ing and chambers and inherent differences between sensor
readouts. These are explained and resolved in our method.

Limitations and potential solutions
Respiration rates recorded using FOFS represent the energy

consumption rate by aerobic metabolism (Widdows and Haw-
kins 1989). To measure the rate of anaerobic metabolism,
which might be especially important when filter-feeders expe-
rience phases of (thermally induced) metabolic depression
(valve closure), a direct calorimetry method would have to be
applied (Guppy and Withers 1999; Regan et al. 2013; Nelson
2016). Another limitation of FOFS is the lack of automated
control over the ambient food level, which can change under
the influence of any filter-feeders’ filtration activity through-
out an experiment (e.g., thermal shutdown of filtration). By
developing a feedback loop connecting Cyclops fluorometers
and Pump2 through their software interfaces in the present
setup, it should be possible to upgrade the setup to a system
allowing automated control of ambient food concentrations.

Biofilm or bio-deposit accumulation may limit the time
window of continuous recording of respiration in FOFS experi-
ments. After our 1.5-d-long trials, the respiration from the
remnants of mussels and biofilms was, on average, ca. 7% of
the mussels’ mean baseline respiration (for mussels with
ca. 4 cm shell length). To keep the error caused by microbial
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respiration minimal, especially during longer term trials, one
must stop the trial for a few minutes, for example, once a day,
clean the incubation (Plexi-glass) chambers using deionized
water and soft brush, and then continue the trial.

Significance, directions, and possible advancements of the
method

The decadal to centennial patterns of thermal changes in
shallow-water marine habitats can be decomposed into
(1) long-term trends, (2) mid- and short-term (annual to daily)
systematic fluctuations, and (3) stochastic fluctuations of vari-
ous durations (minutes and hours to months) (Lima and
Wethey 2012). Empirical studies recently inferred that,
because of acclimatization and other time-dependent effects
(e.g., physiological stress or damage), consequences of short-
term environmental fluctuations on the ecological perfor-
mance might differ from mathematical predictions based on
performance curves empirically established under static treat-
ment conditions (Niehaus et al. 2012; Kingsolver et al. 2015;
Koussoroplis et al. 2017). Advancement in empirical methods
is thus urgently needed to enable the description of the under-
lying causes of discrepancies between the predicted and
observed effects of environmental fluctuations. FOFS practi-
cally provides a tool for researchers exposing organisms to
environmental variability for some weeks or months, to relate
the observed long-term integrated performance responses to
short-term energy budget responses and explain their findings
with the potential to generalize patterns. This procedure may
improve the description of stress-response relationships and
detection of species’ tolerance limits.

The method can be used to provide more accurate data
needed for parametrizing theoretical mechanistic models such
as SFG (Winberg 1960) and dynamic energy budget models
(Kooijman 2010). Besides, it will allow researchers to investi-
gate interindividual variability in energetics responses of
filter-feeders to temperature, mechanistically explaining intra-
species variability in growth, reproduction, and survival
(Fuentes-Santos et al. 2018).

We tested the setup to describe mussels’ responses to a sce-
nario of daily thermal fluctuations. The setup with the attri-
butes described here can be used in more extended trials (� 7–
10 d compared to 2 d currently), and to investigate responses
of many other filter-feeding taxa. Also, this setup might be
used to explain physiological responses of organisms (from
online recordings) with data retrieved in longer term experi-
ments (Pansch and Hiebenthal 2019; Morón Lugo et al. 2020).
With minor modifications in chamber characteristics and
flow-rates, the setup can be applied to studies of small- to
large-sized filter-feeders, and may be extended to small com-
munities of in- and epi-faunal suspension feeders. In that line,
the setup can also be applied to test the response of systems of
closely interacting species such as the filter-feeder-predator
and filter-feeder-endoparasite systems to environmental vari-
ability (Stier et al. 2015). In principle, many drivers

(e.g., temperature, oxygen, food, salinity, pH, and biological
cues such as predator cues) can be manipulated in the setup,
while respiration and filtration are constantly monitored.
Therefore, we infer that the method can be adapted for multi-
factorial exploration of filter-feeders’ ecophysiology.

Conclusions
We described and successfully demonstrated the function-

ality of a method, including the experimental setup (FOFS),
design, and data processing protocols, enabling researchers to
monitor energy budget responses including filtration and met-
abolic activities of benthic filter-feeders in response to fine-
tuned environmental variability. Importantly, the method can
be adapted to study multifactorial ecophysiology of shallow-
water marine filter-feeders, shedding light onto species
responses to environmental changes occurring within time-
scales of minutes or hours especially during daily cycles or
extreme events such as marine heatwaves or hypoxic upwell-
ing. This method can be applied by researchers exposing
organisms to environmental variability for some weeks or
months, to describe the observed integrated impacts of vari-
ability on the performance through energy budget responses
to short-term environmental changes. In general, the method,
therefore, allows a more mechanistic description of stress-
response relationships and species’ tolerance limits which are
required for enhancing our understanding of filter feeders’ per-
formance responses to climate change.

Data availability statement
The data supporting the results of the demonstration exper-

iment are archived in PANGEA (https://doi.org/10.1594/
PANGAEA.919682).
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