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Abstract: It is generally assumed that the larger the bottle volume, the longer the duration of
phytoplankton microcosm experiments. We hypothesize that volume and duration are independent,
as volume does not regulate the extension of the exponential growth phase. We conducted two
microcosm experiments using 1, 2, and 8 L bottles, inoculated with phytoplankton collected in
the Ria Formosa lagoon (SE Portugal) and incubated for 1, 2, 4, and 8 days. Phytoplankton net
growth rates were estimated using chlorophyll a concentration and cell abundance, determined with
epifluorescence and inverted microscopy. Results show that the experimental duration significantly
affected net growth rates, independently of volume, with decreasing net growth rates with time.
Regarding volume, we found significant, but weak, differences in net growth rates, and significant
two-way interactions only for the larger-sized cells. No significant differences in net growth rates
across the different volumes were detected for the smaller, most abundant taxa and for the whole
assemblage. We conclude that duration, not volume, is the main factor to consider in microcosm
experiments, and it should allow the measurement of responses during the exponential growth phase,
which can be detected through daily sampling throughout the duration of the experiment.

Keywords: microcosms; experimental design; bottle volume; incubation period; phytoplankton;
experimental ecology

1. Introduction

Phytoplankton microcosms are a classical methodology that has been used in experi-
mental plankton ecology since the 1970s [1] to develop and test hypotheses regarding the
processes that affect phytoplankton dynamics [2]. Planning a phytoplankton microcosm
experiment is cumbersome, as many factors have to be carefully considered, including
the duration of the experiment, the size (volume) of the experimental units, the types of
organisms, the experimental design, or the control over experimental conditions [3]. En-
closing phytoplankton in closed containers poses several challenges, since organisms will
be restricted to a small volume of water, and isolated from specific environmental variables
but more exposed to others [4]. “Bottle effects” or the impacts of the experimental volume
and experimental duration [5–8] are the main concerns regarding the use of microcosms as
reliable models to predict ecological responses to environmental change [2,9,10]. An inap-
propriate scaling may distort or exclude important features, hampering the extrapolation
of results to nature. Despite the criticism that microcosm experiments have been subjected
to in the ecology arena, they are still a relevant methodology to evaluate phytoplankton-
related processes. The simplicity, low cost, and rapid results of microcosm experiments
allow the assessment of many phytoplankton drivers, such as nutrient enrichment and
nutrient ratios, warming, CO2, ultraviolet radiation and grazing, among others [11–15].

There is no consensus on the ideal volume and duration of phytoplankton microcosm
experiments. The experimental volume should consider the size of the study organisms,
the number of species included, or the number of trophic levels, whereas the experimental
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duration depends on the ecological processes under study and the life histories of the
organisms [16]. Based on a sample of published microcosm experiments, Duarte et al. [3]
established a numerical relationship between the volume (V, litres) of experimental units
and the duration of the experiment (T, days), where T = 1.92V0.29. Although not linear,
the larger the volume, the longer the duration should be, as more trophic levels and
organisms may be included inside the microcosm. Other studies, however, have found no
effects or only weak effects of bottle volume on experimental outcomes [17–20]. A recent
review of microcosm and mesocosm studies found no correlation between volume and
experimental duration, i.e., smaller volumes are not used for shorter time intervals than
larger volumes [21].

In this study, we hypothesize that experimental duration is independent of exper-
imental volume for different experimental outcomes (net growth rates and community
composition) in phytoplankton microcosms, given that bottle volume is not a bottom-up
variable that will regulate phytoplankton growth. Therefore, we expect that net growth
rates of specific phytoplankton groups will be similar across bottle volumes, as bottle
volume will not affect the duration of the exponential growth phase. We also expect
no differences in relative community composition across volumes. However, the dura-
tion of the experiment will affect the estimation of net growth rates, depending on the
group/assemblage’s overall metabolism, i.e., too short or too long incubation periods may
preclude the observation of the exponential growth phase and lead to erroneous estimates
of net growth rates.

2. Materials and Methods
2.1. Sampling and Experimental Strategy

Two microcosm experiments were carried out in the shallow, mesotidal, euhaline Ria
Formosa coastal lagoon, Portugal (37.003, −7.985), in the autumn of 2017 and summer of
2022. Water samples were collected in the mixed layer and transported to the lab in cold and
dark conditions. Water samples were not pre-filtered to avoid alterations in the composition
and size structure of the initial phytoplankton assemblage [18]. To avoid potential nutrient
limitations that would minimize phytoplankton growth responses, dissolved inorganic
macronutrients (40 µM of nitrate as potassium nitrate, 10 µM of ammonium as ammonium
chloride, 50 µM of silicon as sodium hexafluorosilicate, and 3.125 µM of phosphorus
as potassium dihydrogen phosphate) were added to the water samples. Therefore, we
measured phytoplankton responses following a nutrient pulse, but this manipulation
was identical in all experimental treatments, so it should not affect the observation of
effects associated with our test variables (volume and duration). Three aliquots were
taken to evaluate chlorophyll a (Chl-a) concentration, and phytoplankton composition and
abundance at day 0. Then, we filled a total of twenty-one bottles, namely: eight 1 L bottles,
eight 2 L bottles, and five 8 L bottles (Figure 1). All bottles were incubated outdoors, thus
exposed to the natural light–dark cycle (autumn: 11h00-13h00; summer: 14h00-10h00), in
tanks filled with tap water to simulate in situ water temperature (autumn: 19 ◦C; summer:
21 ◦C) and covered with a net to mimic in situ light intensity, over a maximum period
of eight days, and were manually shaken daily to avoid deposition of non-motile cells.
Although the incubation conditions were not completely static, the water turbulence typical
of the Ria Formosa coastal lagoon was not mimicked in these experiments. Aliquots were
collected from specific bottles on days 1, 2, 4, and 8 (Figure 1) for evaluation of Chl-a
concentration, and phytoplankton composition and abundance.
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Figure 1. Experimental design, showing all bottles, corresponding volumes, and incubation periods
for each bottle.

2.2. Chlorophyll a Concentration, Phytoplankton Abundance and Composition

Chlorophyll a (Chl-a) concentration, used as a proxy for phytoplankton biomass,
was determined fluorometrically with a 10-AU Fluorometer, using water samples filtered
through glass fibre filters (Whatman GF/F nominal pore diameter = 0.7 µm). Chl-a was
extracted overnight with 90% acetone at 4 ◦C, before and after acidification with HCl [22].

Phytoplankton abundance and composition were analysed using epifluorescence
microscopy [23] for picophytoplankton (<2 µm) and nanophytoplankton (2–20 µm), and
inverted microscopy [24] for microphytoplankton (>20 µm). Samples for epifluorescence mi-
croscopy were preserved in glutaraldehyde (2% final concentration), stained with proflavin
and filtered (1 mL) onto black polycarbonate membrane filters (Whatman nominal pore
= 0.4 µm). Slides were made within 24 h of sampling, using glass slides, cover slips and
immersion oil (Cargille type A), and observed in a Zeiss Axio Imager microscope at 1000×
magnification. Samples for inverted microscopy were preserved in acid Lugol’s solution,
settled in sedimentation chambers, and observed using a Zeiss AxioObserver microscope
at 400× magnification. A minimum of 50 random visual fields and at least 400 cells in total
were counted, for a counting precision of ±10% [25].

2.3. Data Analysis

Net growth rates of the phytoplankton community and specific phytoplankton groups
were calculated as (ln Nt-ln N0)/t, where N0 and Nt represent Chl-a concentration or
phytoplankton abundance at the beginning of the incubation period and at the end (t =
1, 2, 4, or 8 days), respectively, assuming exponential growth. The effects of experimen-
tal volume and experimental duration on phytoplankton abundance and biomass were
statistically compared using a two-way ANOVA [26]. Tukey post-hoc tests were used
to assess significant differences between each experimental treatment. Effect sizes were
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assessed by estimating partial omega-squared statistics for 2-factor designs, which indi-
cates the percentage of variation in the dependent variable attributable to the independent
variable [27,28]. Differences in phytoplankton community structure across experimental
treatments were assessed with one-way permutational multivariate analyses of variance
(PERMANOVA) using 9999 unrestricted permutations of raw data, followed by pairwise
comparisons, whenever significant differences were found. Non-metric multidimensional
scaling (nMDS) using Bray–Curtis distances was performed to visually assess the pattern of
differences across experimental volumes and experimental durations. Data analyses were
performed with IBM SPSS Statistics 28 and Primer v6 (with add-on for PERMANOVA+).
All tests were considered at a significance level of 0.05.

3. Results

At the beginning of both experiments, phytoplankton community was dominated, in
terms of abundance, by picocyanobacteria and eukaryotic picophytoplankton. Cyanobacte-
ria contributed 56.9% (96.4 × 106 cell L−1) and 43.7% (2.8 × 106 cell L−1) for total phyto-
plankton abundance at the beginning of the autumn and summer experiments, respectively,
whereas eukaryotic picophytoplankton represented 33.3% (56.4 × 106 cell L−1) of initial
phytoplankton abundance in the autumn experiment and 41.3% (2.7 × 106 cell L−1) in
the summer experiment. Diatoms (1.6 × 106 and 9.7 × 103 cell L−1) and dinoflagellates
(4.0 × 104 and 2.4 × 102 cell L−1) were the least abundant groups in both experiments, con-
tributing less than 1% to total phytoplankton abundance. Initial chlorophyll a concentration
was 0.18 µg L−1 in the autumn experiment and 1.66 µg L−1 in the summer experiment.

The experimental duration significantly affected the estimation of net growth rates of
the phytoplankton community and of all phytoplankton groups (Table 1), with large effect
sizes (ωG

2 > 0.70) for most groups, and a general pattern of decreasing net growth rates
with increasing incubation periods. Other differences in net growth rate estimates were
found depending on the specific phytoplankton groups. The effect of experimental duration
was particularly relevant for phytoplankton biomass (Figures 2A and 3A) and diatoms
(Figures 2H and 3H) in both experiments; medium to large effect sizes were also found
for the other phytoplankton groups, such as cyanobacteria (Figures 2C and 3C), eukaryotic
picophytoplankton (Figure 2D), autotrophic nanoflagellates (Figure 2E) and cryptophytes
(Figure 2F). Post-hoc tests revealed that significant differences were found between all
experimental durations, for instance, for cryptophytes in the autumn experiment (Figure 2F)
and diatoms in the summer experiment (Figure 3H). For some groups, the differences
were between specific time periods, for instance, between 1 day and 4 days duration for
dinoflagellates in the summer experiment (Figure 3G).

The experimental duration also affected the structure of the phytoplankton commu-
nity, in terms of the relative abundance of different functional groups, as revealed by
PERMANOVA and nMDS (Figure 4A,C), for both experiments. In the summer experiment,
significant differences were found across all incubation periods (all p < 0.0037), whereas in
the autumn experiment, community structure was not significantly different only between
experimental durations of 1 day and 2 days (p = 0.9832).
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Table 1. Two-way ANOVA output, with p-values (p) and generalized partial omega-squared effect size
values (ωG

2) for the effects of experimental volume (V), experimental duration (T), and interactions
between the two variables (VxT), on net growth rates of the phytoplankton community, expressed as
changes in chlorophyll a concentration (Chl-a), and in the abundance of the phytoplankton assemblage
(total phytoplankton) and of specific phytoplankton groups, for the two experiments (the first line of
each group is the autumn experiment, and the second line is the summer experiment). Significant
differences (p < 0.05) and large effect sizes (ωG

2 > 0.07) are represented in bold.

V T VxT

p ωG
2 p ωG

2 p ωG
2

Chlorophyll a 0.002 0.01 <0.001 0.92 0.025 0.00
0.788 −0.02 <0.001 0.76 0.435 0.00

Total phytoplankton 0.562 0.00 <0.001 0.99 0.385 0.00
0.235 0.04 0.675 −0.04 0.072 0.29

Cyanobacteria 0.860 −0.03 0.001 0.64 0.742 −0.05
0.390 0.00 <0.001 0.87 <0.001 0.10

Eukaryotic picophytoplankton 0.905 −0.01 <0.001 0.84 0.368 0.01
<0.001 0.17 <0.001 0.45 <0.001 0.28

Autotrophic nanoflagellates 0.269 0.00 <0.001 0.92 0.778 −0.01
<0.001 0.35 <0.001 0.22 <0.001 0.35

Cryptophytes 0.029 0.00 <0.001 0.99 0.045 0.00
0.007 0.08 <0.001 0.61 0.006 0.17

Dinoflagellates 0.026 0.09 <0.001 0.52 0.046 0.13
0.012 0.14 0.004 0.26 0.008 0.32

Diatoms
0.014 0.02 <0.001 0.86 0.002 0.07
0.157 0.00 <0.001 0.98 0.001 0.01

Experimental volume showed significant effects on the estimation of some net growth
rates, but the magnitude of the effect was small. Net growth rates of phytoplankton com-
munity (based on Chl-a) and larger cells, namely plastidic nanoflagellates, cryptophytes,
diatoms, and dinoflagellates, were significantly affected by bottle volume, with a general
pattern of lower net growth rates in larger volumes (Figures 2 and 3, Table 1). However, the
magnitude of these differences was always small (ωG

2 < 0.35). Regarding the effect of vol-
ume on phytoplankton community structure, the two experiments yielded different results.
In the autumn experiment, no significant differences were found in community structure
across bottle volume (p = 0.538), but in the summer experiment, significant differences were
found, particularly between the 8 L bottles and the other volumes (p = 0.0001) (Figure 4B,D).
Two-way interactions between experimental volume and experimental duration were also
found for the growth of some groups, particularly diatoms and dinoflagellates, with a
higher net growth rate in larger volumes, associated with shorter experimental durations,
but the magnitude of these differences was small (Table 1).
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Figure 2. (A) Chlorophyll a concentration (µg L−1) and (B–H) abundance (×104 cell L−1) of
phytoplankton in the autumn experiment. (A) Chlorophyll a concentration; (B) total abundance;
(C) cyanobacteria; (D) eukaryotic picophytoplankton; (E) plastidic nanoflagellates; (F) cryptophytes;
(G) dinoflagellates; and (H) diatoms, observed in bottles with variable volumes (1 L, 2 L, 8 L), subject
to periods of incubation with the duration of 1 to 8 days. Vertical lines on each bar represent ±1
standard error of the mean.
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Figure 3. (A) Chlorophyll a concentration (µg L−1) and (B–H) abundance (×104 cell L−1) of phy-
toplankton in the summer experiment. (A) Chlorophyll a concentration; (B) total abundance;
(C) cyanobacteria; (D) eukaryotic picophytoplankton; (E) plastidic nanoflagellates; (F) cryptophytes;
(G) dinoflagellates; and (H) diatoms, observed in bottles with variable volumes (1 L, 2 L, 8 L), subject
to periods of incubation with the duration of 1 to 8 days. Vertical lines on each bar represent ±1
standard error of the mean.
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volumes in the (B) autumn and (D) summer experiments. nMDS plots are based on Bray–Curtis
similarities and non-transformed abundance data.

4. Discussion

Contrasting with conventional guidelines which establish that the volume and dura-
tion of microcosm experiments should be proportional, we hypothesized that net growth
rates of phytoplankton and community structure would be identical across bottle volumes,
but different estimates would be obtained depending on the duration of the experiment.
As hypothesized, the incubation period considered for the calculation of phytoplankton net
growth rates yielded significantly different estimates, with decreasing net growth rates with
time. Regarding bottle volume, we found some significant effects, but of a low magnitude,
for the larger-sized phytoplankton groups, associated with significant interactions between
volume and incubation period, but no significant differences were found for the smaller
and most abundant phytoplankton groups and the whole assemblage.

An appropriate scaling between the size and duration of microcosm experiments
is necessary to avoid artefacts by excluding or including features and effects that are
unnatural [9]. Experiments too long or too short for their size may produce unwanted
effects that hamper the extrapolation of results and their predictive power [3]. Applying
the numerical relationship T = 1.92V0.29 [3] to our microcosms, incubation time would have
varied between 1.9 days and 3.5 days for the 1 L and 8 L bottles, respectively. However, net
growth rates estimated for an 8-day incubation period were, in most cases, significantly
lower than net growth rates estimated for shorter periods, suggesting that phytoplankton
were past their exponential growth phase. In some cases, such as for the pico- and nano-
sized phytoplankton, net growth rates calculated for 1, 2, 4 and 8 days of incubation
were significantly different, decreasing with time, suggesting that smaller-sized cells grew
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exponentially at the beginning of incubation and declined from day 2 onwards. Therefore,
a microcosm experiment with a duration of 8 days and sample collection at the beginning
and end of incubation would preclude the observation of growth responses by these
fast-growing phytoplankton groups. This response was similar across bottle volumes,
suggesting that duration is independent of microcosm volume.

Experimental duration and experimental volume in phytoplankton microcosms are
variable in the literature; recent studies have used, for instance, 1 day in 1 L bottles [29],
1 day in 4 L bottles [30], 3 days in 0.91 L bottles [31], 4 days in 4 L bottles [32], 5 days
in 0.5 L bottles [33], 6 days in 0.5 L [34], and 6 days in 2.3 L bottles [35]. A few studies
tested volumetric effects and found that different volumes have only minor effects or no
effects at all in several processes and communities [8,17,18,36]. Spivak et al. [19] tested
different volumes, from 4 L microcosms to whole pond mesocosms, and observed only
weak volumetric effects, concluding that results from microcosm experiments may be
applied to larger systems. In contrast, volume affected the growth rates of three out of five
ciliate species tested in volumes ranging between 10 and 200 mL, but different physiological
conditions of the ciliates at the time of the experiments probably caused random effects
that affected growth [20]. Previous experiments in the Ria Formosa coastal lagoon have
used 1- and 2-day incubation periods (with 4.5 L and 2 L bottles, respectively) that covered
the exponential growth phase [12,13]. In contrast, 4-day incubations (in 1 L bottles) were
necessary to assess phytoplankton responses in a light-limited estuarine system [37,38].

In short-duration microcosm experiments, samples are typically collected only at
the beginning and end of incubation. If previous knowledge of phytoplankton overall
metabolism does not exist, this strategy may preclude the observation of phytoplankton
responses during the exponential growth phase. To avoid this problem, samples should be
taken daily to monitor phytoplankton growth and to detect the exponential growth phase.
Taxonomic analysis should be the preferred method to evaluate changes in phytoplank-
ton microcosms, but the time investment necessary and the loss of taxonomic skills and
plankton analysis expertise [39] may hinder the everyday use of microscopy. Alternatively,
the measurement of chlorophyll in vivo fluorescence may provide a rough estimate of
phytoplankton biomass variability, but changes in small-sized phytoplankton cells, such as
cyanobacteria and eukaryotic picophytoplankton, may not be detected using this or other
biomass indicators [30,40].

In addition to volume and duration, other variables should be considered in micro-
cosm studies, such as the shape and material of the bottles/containers, and exposure to
environmental variables, such as light and turbulence [41]. Turbulence in particular can
have relevant effects on several phytoplankton processes, such as growth and nutrient
uptake [42,43]. However, in small microcosms, such as the ones that were tested in this
study, turbulence generation can be unrepresentative of natural conditions [41]. Given
that turbulence in natural environments can be highly sporadic [44] and the difficulty in
generating adequate artificial turbulence, we did not consider this variable in our study,
but we highlight that turbulence may also affect the outcome of microcosm experiments.

5. Conclusions

The small volumes of water typically used in microcosm experiments and the short
time scales may not fully reflect the complexity of the natural environment, but they
can be accurate in evaluating individual responses to abiotic and biotic drivers [45]. In
order to acquire a fundamental knowledge of ecological processes and to extrapolate
results to a wider context [10], choosing the appropriate timescale for the process of
interest is critical [19]. Our results confirmed that experimental duration, not experimental
volume, is the main factor to consider in the design of a microcosm experiment. Duration
depends on the overall metabolism of organisms, and it should allow the measurement of
phytoplankton responses during their exponential growth phase. However, phytoplankton
metabolism is highly variable across functional groups and species. We suggest that daily
samples, rather than samples taken at the beginning and end of incubation, should be



Water 2023, 15, 372 10 of 12

considered in the experimental design, to detect the exponential growth phase of the
different organisms. In addition, taxonomic data, rather than general biomass indicators,
should be employed to detect responses at lower taxonomic levels.
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