
RESEARCH ARTICLE

Optimization of growth conditions for laboratory and field
assessments using immobilized benthic diatoms

Tânia Vidal & Catarina Marques & Nelson Abrantes &
Joana Luísa Pereira & Amadeu M. V. M. Soares &
Fernando Gonçalves

Received: 4 July 2014 /Accepted: 9 October 2014 /Published online: 30 October 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract The availability of rapid and effective methodolo-
gies for assessing lotic systems withmicrophytobenthos is still
quite scarce. Hence, the primary goal of this study was to
optimize the growth conditions of the sensitive and ubiquous
benthic diatom Navicula libonensis for laboratorial and field
assessments. The effect of different conditions of temperature,
photoperiod, initial cell density, test duration and cell encap-
sulation into calcium alginate beads was evaluated in a first set
of experiments. There was a slight increase in the growth of
free and immobilized cells at 23 °C, at lower initial cell
densities and at the shortest experimental period (6 days).
Through all the conditions, the growth profiles of free versus
immobilized were fairly variable. A second experimental trial
involved the validation of selected conditions, applied to the
ecotoxicological testing of N. libonensis to two reference
chemicals—3,5-dichlorophenol and potassium dichromate.
A similar response of free and immobilized cells was observed
between exposures to spiked stream water and synthetic

medium, and through the conditions tested. This outcome
suggests that N. libonensis may potentially provide reliable
responses under direct in situ exposures.
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Introduction

In lotic freshwater ecosystems, the benthic microalgae com-
munities play an important role as they are in the basis of the
trophic chain, are biostabilizers of sediments and regulate the
benthic-pelagic nutrient cycling (Poulíčková et al. 2008).
Among benthic microalgae, diatoms are the most used organ-
isms as indicators of stream quality due to their ubiquity and
sensitivity, as well as because their variability spans over most
ecological conditions of the aquatic environment (Feio et al.
2009). Thereby, worldwide water quality monitoring
programmes included diatoms as standard bioindicators
(Brabec and Szoszkiewicz 2006) and its survey is mandatory
in regulatory legislation such as the Water Framework
Directive (Directive 2000/60/EC 2000). Although internation-
al guidelines such as OECD (2011), ISO8692 (1989) and
USEPA (2002) mentioned the use of diatoms for ecotoxico-
logical proposes, their use in ecotoxicological risk assessment
as well as the development of methodologies for its use have
been neglected and the focus is given to macrophytes and
planktonic freshwater microalgae. Notwithstanding, much
less interest has been paid to the species that compose the
microphytobenthos and the development of methodologies
for its use in ecotoxicological testing (Araújo et al. 2010;
Moreno-Garrido et al. 2003; SETAC 1993). In fact, planktonic
microalgae show high sensitivity to toxicants, often being
more sensitive than other planktonic organisms (e.g.
Marques et al. 2011; Pereira et al. 2009). However, in lotic
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systems, the prevalence of planktonic microalgae is negligi-
ble, strengthening the need to include sensitive and ecologi-
cally relevant benthic microalgae in test batteries for the
ecotoxicological assessment of water column and sediment,
either in the laboratory or under field conditions as highlighted
by Moreira-Santos et al. (2005).

Under this rationale, the benthic diatom, Navicula
libonensis, was herein selected as a potential model species
for the development of toxicity testing methodologies, con-
sidering several meaningful criteria. This is a widely distrib-
uted benthic diatom that can be found in Europe (Rimet et al.
2007; Souffreau et al. 2010), including in the Iberian
Peninsula and specifically in Portugal (de Oliveira 2007;
Novais 2011), in North America (Sokal et al. 2008; Wilson
et al. 1994) and in South America (Hassan et al. 2006;
Seeligmann et al. 2008). From an environmental risk assess-
ment perspective, such wide distribution naturally increases
the ecological significance of the results yield in standard
laboratorial tests and the suitability of in situ assays.
Furthermore, N. libonensis was classified as sensitive to
non-point source organic pollution by the Specific Pollution
Sensitivity Index (SPI) (Cemagref 1982), and former studies
indicate that the species is significantly more sensitive to the
reference chemicals potassium dichromate and dichlorophe-
nol than other microalgae (in some cases, the ECx values are
one order of magnitude lower; Vidal et al. 2014).N. libonensis
also provides a good handling compromise in the laboratory
due to its relative larger size as compared to other diatoms.

Laboratorial test procedures for the culturing and toxicity
testing with N. libonensis were already optimized in a former
study (Vidal et al. 2014), but only free cells were considered
so far. The immobilization of the diatoms in encapsulation
matrices offers many advantages over the use of free cells,
especially for in situ toxicity assessment as stated by Araújo
et al. (2010). The encapsulation of microalgae has been suc-
cessfully used in toxicity tests developed for application in
freshwater (Moreira-Santos et al. 2002; Moreira-Santos et al.
2004b), estuarine and marine ecosystems (Moreno-Garrido
et al. 2003, 2005, 2007).

The main aim of this work was the optimization of the
conditions for conducting sensitive and cost-effective ecotoxico-
logical assessment of water column and sediments using algal
growth bioassays suitable for laboratory and in situ assessments,
using the freshwater benthic diatom N. libonensis. As such, the
effect of different conditions on N. libonensis growth was
assessed by testing: (i) different incubation temperatures (23
and 15 °C) and (ii) photoperiods (24L and 12L:12D), which were
both variables set considering standard laboratorial conditions
and field scenarios; (iii) different initial cell density (104 and
105 cells mL−1), which was already proven to affect the test
outcome in other species (Moreira-Santos et al. 2002; Moreno-
Garrido 2008); (iv) cell immobilization in matrices with two
distinct alginate percentages (1.3 and 1.5 %), thus addressing

the effect of alginate concentration in exposure and encapsulation
efficiency, versus free cells; (v) different test periods (T6, T9,
T11), hence evaluating whether longer periods—generally re-
quired in tests run in the field due to variation in photoperiod and
temperature—suit the species physiology and/or allow better
detection of effects. The ecotoxicological response of
N. libonensis under these conditions was still validated with the
testing of reference chemicals (potassium dichromate and 3,5-
dichlorophenol) in artificial medium (Chu 10) and in natural
stream water (sample taken from a reference stream in Luso,
Portugal; Silva 2008).

Material and methods

Test organism

N. libonensis (size: length range of 27–35 μm, width range of
5.9–7.0 μm and description; Spaulding et al. 2010) was pur-
chased from the UTEXCulture Collection of Algae (University
of Texas at Austin, USA;UTEXLBFD183). The cultures were
maintained in 100-mL Erlenmeyer vessels containing 40mL of
Chu 10 medium (Chu 1942), at 20±2 °C and continuous light
supply (60–120 μE m−2 s−1, using cool white lamps). Under
these conditions the exponential growth phase of cells starts at
the 4th day and the decline phase at the 9th day according to
Vidal et al. (2014), and inoculation of fresh medium was done
during the exponential phase of previous cultures.

First trial—optimization of growth conditions

Cell immobilization

The effect of cell immobilization in the growth of
N. libonensis was assessed by comparing between growth in
cultures of free and immobilized cells. Algal cells were
immobilized by encapsulation in beads of calcium alginate
1.3 and 1.5 % (w/v) concentrated, following the protocol
suggested by Moreira-Santos et al. (2002) and Bozeman
et al. (1989). Solutions of 1.3 and 1.5 % (w/v) sodium alginate
(CAS no. 9005-38-3) were prepared with sterilized distilled
water. Since the initial cell density is critical for the viability of
immobilized cells because of nutrient availability, carbon
dioxide diffusion and light penetration (Moreira-Santos et al.
2002), we tested two initial cell densities: 104 and
105 cells mL−1. They were established considering previous
studies (e.g. Moreira-Santos et al. 2002; Moreno-Garrido et al.
2003) and the requirements of the OECD guideline for toxic-
ity testing with microalgae (OECD 2011). Following previous
optimization of procedures, an aliquot of an exponentially
growing culture, concentrated by gravity rather than by cen-
trifugation, was added to each alginate solution (1.3 and
1.5 %) to obtain an alginate-cell suspension with ca.
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104 cells mL−1 and ca. 105 cells mL−1. Beads were then
formed by dropwise adding (using a sterilized needle coupled
to a 20-mL syringe) of each alginate-cell suspension into a
2 % (w/v) calcium chloride solution. Beads were gently stirred
within the CaCl2 solution for approximately 45 min for gel
hardening, then washed with distilled water and stored in dark
at 4 °C (in 20× diluted Chu 10 medium). The beads presented
a mean±SD diameter of 3.14±0.07 mm. Cell counting at the
beginning and end of each test was carried out after disaggre-
gating beads (in a total of three replicates of four beads, each
replicate) in 1 mL of trisodium citrate solution [3 % (w/v);
CAS no. 6132-04-3] upon smooth shaking. The bead and free
cell countings were made using a tubular plankton chamber
(Hydro-Bios, Germany) following previously optimized pro-
cedures (Hasle 1978). In brief, 1 mL sample was harvested
from the homogenized (by short sonication and vortexing for
1–1.5 min) inoculum, which was added two drops of lugol to
preserve the sample and facilitate diatoms settling for further
counting (Olympus CKX 41; ×200 magnification). The beads
were prepared 24 h (maximum period) before their use in the
bioassays.

Experimental design and testing conditions

Eight separate experiments were conducted comprising all
combinations of initial cell density, temperature and photope-
riod to statistically test the effect of cell immobilization and
test duration on diatom population growth. Table 1 provides
an overview of the experimental design, clarifying the treat-
ments set within each experiment. Test duration and immobi-
lization factor levels were always tested within each of the
other factor levels. In the first trial experiments, T11 was
tested only at 15 °C because such temperature can slow down
the species growth, (please see Vidal et al. 2014). The selected
incubation conditions intended to represent the standard

conditions described in the guidelines for testing with standard
freshwater microalga (OECD 2011) versus field conditions
in European temperate regions, including Portugal. The
temperature chosen to represent field conditions was based
on the average annual water temperatures for Portuguese
streams (ca. 15 °C) (INAG 2008).

All experiments were conducted in sterile 50-mL glass test
tubes containing 10 mL of Chu 10. Three replicates were
considered per test condition. From the initial bulk culture, a
small sample was collected after being homogenized and cell
density was determined as previously described. After that, an
estimated volume was transferred from the concentrate bulk
culture to the 50-mL glass tubes which were then filled with
the necessary volume of Chu 10 medium as to achieve an
initial cell density of 104 or 105 cells mL−1 in a total test
volume of 10 mL. Regarding encapsulated cells, four beads
were used per replicate (average effective initial cell densities
for the respective 104 and 105 factor levels are presented in
Table S5). Their volume was neglected and 10 mL of Chu 10
medium or toxic solution was added. The tubes were covered
with perforated Parafilm®. At the end of the test, the whole
suspension was sonicated and vortexed in order to collect a
homogenized sample of 1 mL, which was preserved with
100μL of a Lugol’s solution 3.4% (w/v) of iodine until further
cell counting. The growth rates of free and immobilized cells
of N. libonensis were determined on the basis of the cell
density estimated as previously described (cf. “Cell immobi-
lization” section) using the formula: μi−j=(ln Xj−ln Xi)/tj−ti
(day−1), where μi−j (days

−1) is the average specific growth
rate from time ti to tj (days), and Xj and Xi are, respectively, the
cell density (cells mL−1) at time tj and ti. All the test prepara-
tion was performed near the flame in a flow chamber,
guarantying the sterile conditions.

The initial cell density, percent of alginate within the im-
mobilization factor and test duration delivering higher growth
rates within each multifactor experiments combination of
temperature and photoperiod were selected to the second trial
of the study.

Second trial—suitability of cell immobilization to assess
the toxicity of chemical substances

The sensitivity of free and immobilized cells of N. libonensis
to an organic (3,5-dichlorophenol, DCP) and a metallic (po-
tassium dichromate, PD) reference compound was tested un-
der different exposure conditions. The reference compounds
were tested at their 6 days-EC50 values, according to the data
obtained for this species in previous studies (Vidal et al. 2014).
In order to evaluate the efficiency of the test apparatus and
species response in the field, the tests were run under the same
combinations of experimental conditions as set in the first test
trial but, additionally, the chemical spiking was done in a
natural stream water sample besides Chu 10. The water

Table 1 Representation of the factor and factor levels used in the
experimental design of the first trials to address the effect of different test
conditions on the growth of N. libonensis. Experimental conditions
defining independent trials are clarified as well as the factors involved
within each experiment. T6, T9 and T11 stand for experimental periods of
6-, 9- and 11 days, respectively

Factor Factor level

Initial cell density 104; 105 cells mL−1

Temperature 23 °C; 15 °C

Photoperiod 24L; 12L:12D

Test duration (T, days)a T6; T9; T11

Immobilizationa Free cells; 1.3 % alginate; 1.5 % alginate

a Factor levels always simultaneously tested within the experiments run
for each of the other factor levels regarding the factors initial cell density,
temperature and photoperiod
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sample was collected in a pristine-like mountain stream
(Luso—Northern Portugal). The water samples were charac-
terized by measuring conductivity, pH, total suspended solids,
dissolved oxygen level, biological oxygen demand (BOD5)
(APHA 1995) and phaeophytin-corrected chlorophyll-a (chl-
a) (Lorenzen 1967). The vacuum filtered sample (1.5 μm
mesh pore size) was used for the colorimetric quantification
of nitrites (NO2

−), nitrates (NO3
−), ammonia (NH4) and or-

thophosphates (PO4
3−) (APHA 1995). Ions and metals Mg2+,

Ca2+, Si2+, K+ and Fe2+ were analysed through inductively
coupled plasmamass spectrometry (ICP-MS) to verify wheth-
er their content was discrepant or not from the levels present in
the artificial medium Chu 10 (APHA 1995). The original
water sample was filtered through 0.45 μm mesh pore size
filters (USEPA 2002) before use as test medium. An extra
treatment of stream water enriched with nutrients (at the same
concentrations as standing in Chu 10) was considered to
prevent nutrient deficiency effects (USEPA 2002). In summa-
ry, nine treatments were considered in each bioassay: (i) blank
Chu 10 medium (Chu10); (ii) DCP EC50 in Chu 10 (Chu10 +
DCP); (iii) PD EC50 in Chu 10 (Chu10 + PD); (iv) blank
stream water (SW); (v) DCP EC50 in stream water (SW +
DCP); (vi) PD EC50 in streamwater (SW + PD); (vii) nutrient-
spiked blank stream water (SW + N); (viii) DCP EC50 in
nutrient-spiked stream water (SW + N + DCP); (ix) PD
EC50 in nutrient-spiked stream water (SW + N + PD). Cell
immobilization was the second factor considered within each
bioassay with two levels set: free cells and immobilized cells
in 1.3 % alginate beads. Following previous optimization (see
“First trial—optimization of growth conditions” section), the
second trial bioassays were carried out for 6 days, starting
from an initial cell density of 104 cells mL−1 (cf. “Results and
discussion” section).

Data analysis

Regarding the first set of experiments, the variability of initial
cell densities of the free cell and bead batches prepared im-
mediately before beginning each experiment was analysed by
computing dispersion measures from cell density data: aver-
age, standard deviation, coefficient of variation and minimum
and maximum values. The influence of cell immobilization
and test duration on the growth rates of N. libonensis was
statistically analysed through a two-way analysis of variance
(two-way ANOVA) run over the dataset of each eight separate
independent experiments of fixed factor and factor level tested
(e.g. 104 cells mL−1, 23 °C, 24L, T6, free cells; 104 cells mL−1,
23 °C, 24L, T6, beads 1.3 %; 104 cells mL−1, 23 °C, 24L, T6,
beads 1.5 %). The factors used in each two-way ANOVA
performed are indicated in Table 2 as “Source of variation”,
while the dependent variable is N. libonensis growth rate
within the respective combination of cell density and test
condition. When no significant interaction was found, the

simple main effects of each factor were then scrutinized by
one-way ANOVA followed by the Tukey multiple compari-
son test. Whenever a significant interaction was found, the
MSresidual of the two-way ANOVA was used as the denomi-
nator for calculating the F statistics of the one-way ANOVA
over each factor and the q statistics for the Tukey multiple
comparison tests (Quinn and Keough 2002). In order to search
for significant differences between the two factor levels of
alginate percentage (i.e. 1.3 and 1.5 %) or initial cell density
(i.e. 104 and 105 cell mL−1), the Student’s t test (Quinn and
Keough 2002) was applied within each test condition regard-
ing temperature, photoperiod and exposure duration. These
statistical analyses provided a more reliable support to decide
which of the levels of those two factors better suited for
N. libonensis growth.

In the second set of bioassays, the growth rate obtained in
each treatment was expressed as a ratio of the respective
controls (either free or immobilized cells exposed to Chu 10
medium) within each combination of temperature and photo-
period. The significant effects of cell immobilization and
chemical spiked in different media on the diatom growth were
assessed using the same approach as employed for the first
trials. A significance level (α) of 0.05 was used in all analyses.

Results and discussion

As a way to meet some evaluation requirements set in the
WFD, it is worth investing research efforts in developing new
strategies (e.g. using the responses of sensitive organisms) that
could provide a valuable assessment under laboratorial and
field conditions, by reliably responding to different environ-
mental factors and contaminants. Thereby, this work gathers
relevant data concerning the optimization of the growth of the
benthic diatom N. libonensis for field and laboratorial assess-
ments. This species was never used as a test organism despite
its sensitivity to certain contaminants (Vidal et al. 2014).

First trial—optimization of growth conditions

The results of the first set of experiments are shown in Fig. 1.
The growth rates of N. libonensis were generally higher at
23 °C, although a similar outcome was obtained at 15 °C and
12L:12D photoperiod, particularly for experiments with initial
cell density of 104 cells mL−1. A clear response pattern,
however, could not be retrieved for the different photoperiods
tested (Fig. 1)—for example, if at 23 °C, a full light cycle
seems to produce better growth than a 12L:12D cycle, at 15 °C
the opposite seems to occur. Indeed, Mayer et al. (1998)
observed a more conspicuous effect of temperature variations
on the growth of Selenastrum capricornutum than that trig-
gered by light intensity, nitrogen source or pH. Similarly,
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Lewis et al. (2002) verified improved growth rates of the
diatom Achnanthes longipes (free cells) as temperature in-
creased from 10 °C up to 26 °C. Likewise, Faafeng et al.
(1994) obtained higher growth rates of immobilized and par-
ticularly of free cells of S. capricornutum at 20 °C compared
to 10 °C. Another study concluded that changes in the tem-
perature and photoperiod regimes from field to standard
laboratorial experiments significantly influenced the growth
of the immobilized marine diatom Phaeodactylum
tricornutum (Moreira-Santos et al. 2002). The raise of tem-
perature and photoperiod tends to boost the metabolic rate of
the microalgae within a certain optimal range, hence leading

to the yield of higher biomass levels (Khoyi et al. 2009; Qian
et al. 2010).

For both initial cell densities analysed in this study, a 16-
fold increase on the growth of free or immobilized cells—a
validation criterion set in standard procedures—was never
attained. Considering that we are dealing with a benthic dia-
tom, there are some constraints yet to be surpassed in what
concerns the handling and resuspension of the cells from the
mucilaginous aggregates that they form, in order to allow a
consistent control of the procedure and achievement of the
initial densities intended. In fact, the yields of microalgae at
the end of the test trials are greatly influenced by the initial cell

Table 2 Two-way ANOVA summary relative to the growth rate ofN. libonensis at different exposure periods (T6, T9 and T11) and cell immobilization
(i.e. free cells and % alginate in beads), under different experimental conditions

CDi (cells mL−1) Test condition Source of variation df MSresidual F ratio P value

104 23 °C, 24hL Test duration 1 0.006 51.74 <0.001

Free/immobilized 2 6.060 E−4 5.53 0.020

Interaction 2 0.001 12.69 0.001

Residual 12 1.100 E−4 – –

23 °C, 12hL:12hD Test duration 1 0.006 29.21 <0.001

Free/immobilized 2 0.005 24.35 <0.001

Interaction 2 0.003 13.24 <0.001

Residual 12 2.030 E−4 – –

15 °C, 24hL Test duration 2 0.002 17.82 <0.001

Free/immobilized 2 0.037 347.09 <0.001

Interaction 4 1.960 E−3 5.20 0.006

Residual 18 9.420 E−5 – –

15 °C, 12hL:12hD Test duration 2 0.013 32.66 <0.001

Free/immobilized 2 0.004 9.74 0.001

Interaction 4 0.008 18.98 <0.001

Residual 18 4.050 E−4 – –

105 23 °C, 24hL Test duration 1 0.025 83.00 <0.001

Free/immobilized 2 0.001 3.67 0.057

Interaction 2 0.001 4.90 0.028

Residual 12 2.990 E−4 – –

23 °C, 12HL:12HD Test duration 1 0.002 23.53 <0.001

Free/immobilized 2 0.017 217.89 <0.001

Interaction 2 4.600 E−4 5.90 0.016

Residual 12 7.800 E−5 – –

15 °C, 24hL Test duration 2 0.011 106.61 <0.001

Free/immobilized 2 0.002 20.49 <0.001

Interaction 4 0.003 30.16 <0.001

Residual 18 1.020 E−4 – –

15 °C, 12hL:12hD Test duration 2 0.002 8.08 0.003

Free/immobilized 2 5.840 E−4 3.09 0.070

Interaction 4 2.870 E−4 1.52 0.239

Residual 18 1.890 E−4 – –

Significant effects were highlighted italics

df degrees of freedom, CDi initial cell density
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density, especially if immobilized cells are considered
(Moreno-Garrido 2008). As such, we analysed the variability
of the effective initial cell densities in the different free and
immobilized cell batches prepared for each experiment. From
Table S1, a coefficient of variation <30 % for all free/
immobilized cell batches can be noticed, hence indicating a
good repeatability according to Environment Canada (2007)
guidelines, and proving that the variation on initial cell densi-
ties did not seem to constrain the outcome of experiments. An
initial density of 104 cells mL−1 led to improved growth rates
of free and immobilized cells comparatively to 105 cells mL−1

(cf. Table S2 for the statistical differences of N. libonensis
growth between the two cell densities). For this reason, the
former was selected as the initial cell density for the second
test trial with N. libonensis. Although it is extensively docu-
mented that higher initial cell densities of microalgae usually
lead to higher growth rates at the end of an exposure period,
e.g. Moreira-Santos et al. (2004a) or Moreno-Garrido (2008)
found the opposite trend forChlorella vulgaris immobilized in
calcium alginate beads. Similarly, a previous study demon-
strated that the cell division of immobilized P. tricornutum
was accelerated when the initial number of cells per bead was
lower (Moreira-Santos et al. 2002). The authors still found
that the final growth rates only differed by ≤8 % among the
upper and lower initial cell densities tested. It is commonly
accepted that very high densities of immobilized microalgae
may limit the diffusion of light, nutrients and carbon dioxide
(Moreira et al. 2006). This is particularly critical if the test
organism has a considerable cell size, such as N. libonensis
(cf. “Cell immobilization”).

Within each combination of temperature, photoperiod and
cell density a significant influence of cell encapsulation and
test duration on the growth rate of N. libonensiswas generally
detected (Table 2, Fig. 1). Moreover, a significant interaction
between these two factors was frequently determined
(Table 2). The achievement of high cell densities when
microalgae are subjected to temperature and light variations
under field conditions usually demands longer test periods
(Moreira-Santos et al. 2004a). Notwithstanding, the growth
rates of N. libonensis were kept at similar or decreased levels
as the assessment period enlarged (from 6 to 9 or 11 days),

either for free or immobilized cells, irrespectively of the
experimental conditions assessed (Fig. 1, Tables 2, S3, S4).
Bearing on this outcome, a test duration of 6 days was set for
the second stage trial, this being also in agreement with the
growth curve previously determined for the species under
standard conditions (i.e. 22±2 °C and 24 L, Vidal et al. 2014).

For all conditions tested and comparing the growth rates of
free vs. immobilized cells, it can be concluded that the growth
of N. libonensis as free cells was either not significantly
different in some conditions or significantly higher or lower
than that observed in beads, in another conditions (of 1.3 and/
or 1.5 % alginate) (Fig. 1, Table S2). The growth profiles of
free versus immobilized cells documented in other studies
under different incubation conditions are quite variable as
well. Previous works with chlorophyta, cyanobacteria and
diatom microalgae, either from freshwater or estuarine/
marine environments, demonstrated higher (Faafeng et al.
1994; Moreira-Santos et al. 2004a; Moreno-Garrido et al.
2007), similar or lower (e.g. Mallick 2002; Rai and Mallick
1992; Twist et al. 1997) growth rates for free cells relatively to
the immobilized cells. Several factors were pointed out as
possible explanations to this variation (Moreno-Garrido
2008). Specifically, Hoogenhout and Amesz (1965) conclud-
ed that the culturing conditions can largely modulate the
responses of these organisms, possibly by acting through their
physiological condition. Indeed, contrary to our expectations,
under 15 °C a considerable growth of immobilized diatoms
was generally noticed (104 cells mL−1 at 12L:12D,
105 cells mL−1 for both photoperiods), which frequently was
statistically similar to the growth of free cells (Fig. 1,
Table S2). Regarding the two percentages of alginate used,
significant differences on diatom growth rate between 1.3 and
1.5 % alginate for some experiments were determined
(Table S5). However, the overall trend corresponded to higher
growth rates under 1.3 % of alginate, which was in tandem
with the percentage of alginate used in previous studies with
immobilized diatoms (e.g. Moreira-Santos et al. 2002). For
that reason, this alginate concentration was selected for the
second experimental trial (Fig. 1). In fact, tightened matrices
resulting from a higher percentage of alginate (Gombotz and
Wee 1998) may limit the uptake of resources by the diatom
hence constraining its growth. In any case, the matrix of
encapsulation neither was toxic for the diatom nor affected
its morphological integrity, and even promoted the growth of
N. libonensis, seemingly to act as a protective barrier under
lower temperatures (e.g. 104 cell mL−1; 15 °C 12L:12D, T6).
Different studies brought up to discussion the influence of
temperature and light intensity on the production, quality,
quantity and biological activity of carbohydrate-rich
exopolymeric substances (EPS) by benthic diatoms (e.g.
Lam et al. 2005). Wolfstein and Stal (2002) observed a re-
duced production of EPS by Cylindrotheca closterium under
lower temperatures and irradiances, though the outcome was

�Fig. 1 Growth rates of free and immobilized (at 1.3 and 1.5 % alginate
concentration) cells of N. libonensis under different experimental
conditions of temperature (15 and 23 °C), photoperiod (24L and
12L:12D) and initial cell density (104 and 105 cells mL−1). Error bars
represent standard errors. Uppercase letters indicate significant
differences (Tukey test; P<0.05) between the responses of free and
immobilized cells within each experimental period of 6 (T6; black bold
letters), 9 (T9; grey bold letters) and 11 (T11; black letters). Lowercase
letters indicate significant differences (Tukey test; P<0.05) between the
diatom response to different experimental periods as the growth of free
cells (black bold letters), cells immobilized at 1.3 % alginate (grey bold
letters) and cell immobilized at 1.5 % alginate (black letters) were
assessed
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indirectly affected by the amount of algal cells that could
produce EPS. Since sodium alginate is a polysaccharide, it is
likely that the immobilized N. libonensis cells, under stress
conditions (e.g. low temperature), may take advantage of the
alginate matrix to cope with an inhibited ability to produce
EPS for their adhesion.Moreover, Jiménez-Pérez et al. (2004)
had also observed that P uptake efficiency was higher in
immobilized planktonic green algae than in free cells, which
may favour algae growth.

Second trial—validation of the optimized test procedure

The growth response of N. libonensis after exposure to the
reference substances spiked into Chu 10 and into natural
stream water (cf. Table 3 for its physical and chemical char-
acteristics) is illustrated in Fig. 2. Although the relative growth
rates and the sensitivity of the diatom to chemical substances
under 15 °C were slightly below those observed under 23 °C,
no consistent pattern could be clearly defined; the same con-
clusion can be drawn when different photoperiods are com-
pared (Fig. 2). The individual or combined effect of temper-
ature and photoperiod on the accumulation of phenol by
S. capricornutum (Newsted 2004), and on the transcription
of photosynthesis-related genes to Cd in C. vulgaris (Qian
et al. 2010), has been stressed out. If such or similar negative
effects occur in N. libonensis exposed to DCP or PD, the
growth endpoint assessed does not capture the physiological
impairment consistently.

Regardless the test incubation conditions, the overall rela-
tive growth rates of free cells in SW and SW + N was,
respectively, of more than 41 and 70 % of that obtained under
Chu10, which was set as the reference rate for calculations,
while for beads it was of more than 49 and 89 % of the rates
obtained for immobilized cells under Chu10 (Fig. 2). The
reduction ofN. libonensis relative growth rates in plain stream
water irrespective of the test conditions was consistent with
previously reported data (e.g. Marques et al. 2011; Moreira-
Santos et al. 2002, 2004a). Whenever natural samples are
being assayed in the laboratory, it is important to discern a
toxic effect from that caused by nutrient deprivation, the latter
being avoided by adding nutrients to the test water (USEPA
2002). In this case study, the addition of nutrients to SW
indeed promoted the diatom growth rates, although these were
only significantly higher than in plain SW for immobilized
cells at 23 °C, 24L and for free cells at 15 °C, 24L (Fig. 2,
Tables 4, S6, S7).

The exposure of free or immobilized cells of N. libonensis
to SW, SW + N and Chu10 spiked with DCP or PD generally
resulted in significant growth inhibition. Under some condi-
tions, however, the inhibition of growth rates by DCP or PD
was not statistically significant as the chemical treatments
were compared to the corresponding natural water controls
(i.e. SW and SW + N) (Fig. 2, Table S7). The growth inhibi-
tion detected under SW + DCP or SW + PD may actually be
an effect of nutrient deficiency in the SW, hence increasing the
probability of accepting false positives. It should be recog-
nized in this context that under a few conditions, the addition
of nutrients to SW + DCP (i.e. SW + N + DCP) or SW + PD
(i.e. SW+N + PD) led to a significant reduction of the toxicity
of both compounds (free cells: 15 °C-12L:12D for PD, beads:
23 °C-24L for PD, 15 °C-12L:12D for DCP and PD). This can
relate to a lower bioavailability of the compounds due to
complexation or adsorption onto other dissolved chemicals
and organic matter present in SW + N (cf. also Table 3)
(Moreira-Santos et al. 2002; Newsted 2004). Nevertheless,
the growth rates detected under SW + DCP or SW + PD were
generally not significantly different from those calculated
under Chu10 + DCP or Chu10 + PD for free and immobilized
cells, for all the combinations of temperatures and photope-
riods. In fact, the lowest growth rates were normally observed
under those four treatments. Hence, this benthic diatom pro-
vided similar ecotoxicological response levels to DCP and PD
when approaching standard artificial conditions (represented
by temperature, photoperiod and Chu 10 medium) to field
scenarios (represented by temperature, photoperiod and
stream water).

The encapsulation of cells, though offering advantages for
in situ testing (Moreno-Garrido 2008; Twist et al. 1997),
should allow the effective exposure of cells to the surrounding
environment and guarantee that reliable responses to the con-
taminants in combination with environmental factors are

Table 3 Physical and chemical characterization of the natural stream
water

Parameters Natural water sample

Dissolved oxygen (%) 44.5

Dissolved oxygen (mg L−1) 4.03

Conductivity (μS cm−1) 110

Total dissolved solids (mg L−1) 124

pH 7.7

NH3 (mg L−1) 0.142

NH4
+ (mg L−1) 0.134

PO4
3− (mg L−1) 0

NO2
− (mg L−1) 0

NO3
− (mg L−1) 0

BOD5 (mg L−1) 1.98

Total suspended solids (mg L−1) 7.64

Chl-a (mg L−1) 0

Ca2+ (mg L−1) 3.3

Fe3+ (mg L−1) 0.07

K+ (mg L−1) 2.3

Mg2+ (mg L−1) 4.0

Si (mg L−1) 3.6
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being assessed. Free and immobilized N. libonensis cells
exposed to natural stream water and artificial medium non-
spiked and spiked with DCP or PD generally elicited similar
sensitivity, although the statistics found significantly different
responses in particular cases (Fig. 2, Table S6). Most of these
were associated with SW and/or SW + N treatments, either
spiked or non-spiked with chemicals. Except for free cells
exposed to SW at 23 °C, 12L:12D, and SW + DCP and SW +
N + DCP at 15 °C, 12L:12D, the remaining significant

differences between the response of free and immobilized
cells resulted from an enhanced growth of immobilized dia-
toms. Moreno-Garrido (2008) discussed the protection that
the immobilization matrix may give against toxicity. The
reason for that could be the partial removing of toxicants
and their adsorption to the alginate polymer (Awasthi and
Rai 2005), and the lower diffusion of toxicants through the
matrix (Jang 1994). Nevertheless, the alginate matrix did not
seem to limit the exposure of the diatom, since in Chu10 +

Fig. 2 Relative growth rates
(simple ratio between the growth
rates found in blank Chu10 and
each test condition) of free and
immobilized cells ofN. libonensis
exposed to different treatments of
stream water (SW) and Chu10
non-spiked and spiked with 3,5-
dichlorophenol (DCP; left-hand
panel) or potassium dichromate
(PD; right-hand panel). Error
bars represent standard errors.
Different letters above error bars
indicate significant differences
(P<0.05) between responses
yield under different treatments
when tested within free cells (bold
letters) and within immobilized
cells (light black letters). The
asterisks stand for significant
differences between the responses
of free and immobilized cells
within each treatment
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DCP or Chu10 + PD the growth of free and immobilized cells
was usually not significantly different. This outcome even
suggests that under controlled conditions of temperature and
photoperiod, free and immobilized cells respond similarly to
the reference chemicals.

Conclusions

N. l ibonens i s as benth ic mic roa lgae may be a
potential alternative to planktonic ones for toxicity testing in

lotic environments. In the first optimization trial, a slight
increase of the diatom growth at higher temperatures, lower
initial cell densities and shorter exposures under the artificial
medium Chu 10 were the conditions that most favour them.
However, at temperatures close to the average found in
Portuguese natural streams (15 °C), there was apparently a
protective effect of the alginate beads over N. libonensis that
promoted its growth. Free cells either evidenced higher, lower
or similar rates comparatively to the immobilized cells. In the
second set of experiments, the combined scenarios of temper-
atures and photoperiods did not apparently influence the sen-
sitivity of this diatom (free and immobilized cells) to the

Table 4 Two-way ANOVA summary applied to the relative growth rate of N. libonensis exposed to different treatments (media spiked and non-spiked
with 3,5-dichlorophenol and potassium dichromate) and cell immobilization (i.e. free and immobilized cells), under different experimental conditions

Test condition Source of variation df MSresidual F ratio P value

3,5-Dichlorophenol (DCP) 23 °C, 24L Treatments 4 0.954 34.15 <0.001

Free/immobilized 1 0.118 4.23 0.054

Interaction 4 0.146 5.21 0.005

Residual 19 0.028 – –

23 °C, 12L:12D Treatments 4 1.008 14.57 <0.001

Free/immobilized 1 0.088 1.27 0.275

Interaction 4 0.114 1.65 0.206

Residual 18 0.069 – –

15 °C, 24L Treatments 4 0.533 61.00 <0.001

Free/immobilized 1 0.068 7.78 0.012

Interaction 4 0.049 5.61 0.004

Residual 19 0.009 – –

15 °C, 12L:12D Treatments 4 1.089 27.78 <0.001

Free/immobilized 1 0.070 1.79 0.196

Interaction 4 0.265 6.75 0.001

Residual 20 0.039 – –

Potassium dichromate (PD) 23 °C, 24L Treatments 4 0.891 34.25 <0.001

Free/immobilized 1 0.971 37.33 <0.001

Interaction 4 0.513 19.74 <0.001

Residual 20 0.026 – –

23 °C, 12L:12D Treatments 4 1.302 70.10 <0.001

Free/immobilized 1 0.002 0.10 0.760

Interaction 4 0.283 15.24 <0.001

Residual 19 0.019 – –

15 °C, 24L Treatments 4 0.606 98.00 <0.001

Free/immobilized 1 0.008 1.28 0.271

Interaction 4 0.102 16.46 <0.001

Residual 20 0.006 – –

15 °C, 12L:12D Treatments 4 1.369 35.57 <0.001

Free/immobilized 1 0.197 5.12 0.035

Interaction 4 0.033 0.86 0.507

Residual 20 0.039 – –

Significant effects were highlighted italics

df degrees of freedom
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reference streamwater and chemicals tested. The growth of the
diatom under a plain field water sample was usually slightly
lower than that under nutrient-enriched samples. In any case,
the sensitivity ofN. libonensis to the standard chemicals spiked
into plain stream water was similar to that obtained in Chu 10
when used as dilution medium, both for free and immobilized
cells. Thus, immobilizedN. libonensismight retrieve a reliable
ecotoxicological assessment under field scenarios. However,
this should be further tested under more realistic scenarios
involving the co-occurrence of different confounding factors,
during direct exposures in in situ trials.
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