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Abstract
By mimicking the info-chemicals emitted by grazers, the common anionic surfactant sodium dodecyl sulfate (SDS) can 
induce colony formation in the green algal genus Scenedesmus at environmentally relevant concentrations. The morphometric 
effects can hinder the feeding efficiency of grazers, reducing energy flow along the pelagic food chain from Scenedesmus to 
consumers. Despite this potential ecological risk, few studies exist on whether the SDS-triggered induction of colonies is 
common in other species of the family Scenedesmaceae. Here, we investigated the effects of SDS on the growth and morphol-
ogy of three species of Scenedesmaceae (Desmodesmus subspicatus, Scenedesmus acutus, and Tetradesmus dimorphus) and 
on the clearance rates of Daphnia galeata grazing on the SDS-induced colonies. SDS triggered colony formation in all algal 
species at concentrations nonlethal to them (0.1–10 mg  L−1) in 72 h; however, the induction levels of colony formation were 
generally lower than for those in the Daphnia culture medium. We also found that the SDS-induced colonial algae reduced 
D. galeata clearance rates. Our results highlight the potential effect of SDS on the Daphnia–Scenedesmaceae system by 
triggering the morphological response of Scenedesmaceae at concentrations below those that exert toxicity. Such disruptive 
effects of pollutants on predator–prey interactions should be considered within the framework of ecological risk assessments.

Sodium dodecyl sulfate (SDS) is a common anionic sur-
factant for various applications: industry (e.g., cleaning 
agents and auxiliary agents of pesticides), medical care 
(e.g., pharmaceuticals), and household goods (e.g., personal 
care products and cosmetics). Owing to its extensive con-
sumption, SDS can contaminate aquatic systems through 
the direct discharge of sewage effluents or by soil leaching 
(Rebello 2014). The toxicity of SDS to aquatic organisms 
has been investigated since the 1990s. For instance, the 50% 
effective or lethal concentration  (EC50 or  LC50) of SDS to 

fishes, invertebrates (mainly cladoceran crustaceans), and 
algae was 7.3–48 mg  L−1 (e.g., Arezon et al. 2003; Hemmer 
et al. 2010; Reátegui-Zirena et al. 2013), 7.4–48 mg  L−1 
(e.g., Martinez-Jeronimo and Garcia-Gonzalez 1994; Bulus 
et al. 1996; Shedd et al. 1999), and 4.8–36.6 mg  L−1 (Liwar-
ska-Bizukojc et al. 2005; Mariani et al. 2006), respectively. 
Although SDS appears to be severely toxic to aquatic life 
at concentrations above 1 mg  L−1, surfactants are generally 
present at concentrations below 0.5 mg  L−1 in natural water 
because of their high biodegradability (Bondini et al. 2015; 
Jackson et al. 2016).

Despite SDS being almost harmless to aquatic organisms, 
several studies have mentioned its potential effects on the 
aquatic community through the impairment of predator–prey 
interactions (Lürling and Beekman 2002; Yasumoto et al. 
2005; Zhu et al. 2020). In pelagic freshwater systems, the 
algal prey Scenedesmaceae and its grazer Daphnia are often 
used to describe the significance of a chemically induced 
defense (Van Donk 2007). For example, genus Desmodes-
mus and Scenedesmus exhibit polymorphology (change from 
a unicellular organism to multicellular colony) in response 
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to info-chemicals (kairomones) emitted by Daphnia spp., 
in which the colonized algae can reduce the risk of being 
grazed (Lürling 2003). In a series of studies by Yasumoto 
et al. (2005, 2006, 2008a, 2008b), the Daphnia kairomones 
were identified as a group of aliphatic sulfates, which are 
compounds that are structurally analogous to synthesized 
anionic surfactants (Lürling 2012). Importantly, some 
anionic surfactants (e.g., SDS and mono- and didodecyl 
disulfanated diphenyloxide (FFD-6)) induce colony for-
mation in Scenedesmaceae, even at very low concentra-
tions (0.01–1 mg  L−1, Yasumoto et al. 2005; Lürling et al. 
2011). The colony formation induced by anionic surfactants 
in the absence of a grazer can impose unnecessary costs 
on Scenedesmaceae (e.g., enhanced sinking velocity to a 
lower unlit water layer, Lürling and Van Donk 2000). Even 
in a case where grazer’s info-chemicals were present, SDS 
enhanced and prolonged the expression level of colony 
formation (Zhu et al. 2020). Surfactant-induced colonial 
Scenedesmaceae can inhibit the feeding efficiency of plank-
tonic grazers, leading to reduced energy flow from primary 
producers to consumers in the lake food chain (Lürling et al. 
2011). Such interference effects by anionic surfactants on the 
colony formation of Scenedesmaceae should be considered 
when performing ecological risk assessments.

Although colony formation induced by grazer-released 
info-chemicals occurs in many species of the family Scened-
esmaceae (five species of Desmodesmus and Scenedesmus, 
Lürling 2003; Tetradesmus dimorphus, Ha et al. 2004), the 
induction of colony formation mediated by anionic sur-
factants has been observed in only two species (S. obliquus 
and D. subspicatus, Lürling and Beekman 2002; Yasumoto 
et al. 2005). Therefore, there are limited studies whether 
anionic surfactants can trigger colony formation in various 
Scenedesmaceae species in the same manner with the graz-
er’s info-chemicals. Furthermore, a few studies have evalu-
ated the grazers’ inhibitory effect on feeding rate via colony 
formation induced by anionic surfactants. For example, an 
FFD-6 induced colony of S. obliquus decreased the filter-
ing rate of D. magna (Lürling et al. 2011). Compared with 
FFD-6 and Daphnia kairomones, SDS appears to exert only 
moderate activity on colony induction (Lürling and Beek-
man 2002; Yasumoto et al. 2005). Lower induction of colony 
formation by SDS may not be effecting the grazer’s feeding; 
however, such weak disruption effect of prey defense had 
not been studied much because previous experiments were 
performed under the conditions where the colony formation 
was clearly expressed.

SDS’s disruptive effects on predator–prey interactions 
through the induction of colony formation in Scenedes-
maceae are problematic for the risk assessment of sur-
factants (e.g., Lürling et al. 2011). Hence, it is important to 
evaluate interspecific differences in SDS-mediated colony 
induction in Scenedesmaceae and any potential grazing 

interference effects. To elucidate the effects of SDS on the 
predator–prey interaction of Daphnia and Scenedesmaceae, 
we aimed to: (1) compare the effective concentration of SDS 
on growth inhibition and morphological change in three 
species of the family Scenedesmaceae (D. subspicatus, S. 
acutus, and T. dimorphus), and (2) evaluate the effects of 
SDS-induced colonies on D. galeata feeding rate.

Materials and Methods

Test Organisms

Single clones of D. subspicatus (NIES-802), S. acutus 
(NIES-95), and T. dimorphus (NIES-119) were obtained 
from the National Institute for Environmental Studies, 
Japan. The algal stocks were cultivated with autoclaved 
COMBO medium (Kilham et al. 1998) in a 1-L Erlenmeyer 
flask under constant laboratory conditions (22 ± 1 °C; light 
intensity of 60 μmol photons  s−1  m−2; 16-h light to 8-h dark 
cycle). To maintain suspension of the algal cells and the 
exponential growth stage, stock cultures were manually 
shaken twice daily and culture water was replaced with fresh 
medium weekly.

Daphnia galeata was collected from Lake Kizaki 
(36°33′N, 137°50′E, Nagano Prefecture, Japan) with vertical 
tows of a Kitahara plankton net (22.5-cm mouth diameter, 
0.1-mm mesh size). The stock culture of a single clonal line 
was established by isolating individuals from the original 
population. Daphnids were maintained under laboratory 
conditions (22 ± 1 °C; 16-h light to 8-h dark cycle) in 1-L 
glass beakers filled with autoclaved COMBO medium. The 
green alga Chlorella vulgaris (Chlorella Industry Co. Ltd, 
Fukuoka, Japan) was fed at a concentration of 5.0 ×  105 cells 
 mL−1 to the stock culture every two or three days. The cul-
ture medium was replaced with fresh medium once a week.

Experiment 1: Effect of SDS on Growth 
and Morphology of D. Subspicatus, S. Acutus, and T. 
Dimorphus

A  105 mg  L−1 stock solution of SDS (≥ 99%; Merck KGaA, 
Darmstadt, Germany) was prepared using distilled water. 
Diluted stock solutions of five different SDS concentrations 
(10,  102,  103,  104, and  105 mg  L−1) were also prepared by 
gradually diluting the original stock solution  (105 mg  L−1) 
with distilled water.

We performed culture experiments to investigate the 
effects of SDS on growth and morphology in D. sub-
spicatus, S. acutus, and T. dimorphus, according to the 
Organization for Economic Cooperation and Development 
(OECD) test guideline no. 202 (OECD 2011). Each alga 
was obtained from those stock cultures and concentrated 
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to approximately  106 cells  mL−1 by centrifugation. The 
culture system was 100 mL of culture water—composed 
of 98 mL COMBO media, 1 mL concentrated alga, and 
1 mL distilled water (for the control) or 1 mL SDS stock 
solution—in a 200-mL Erlenmeyer flask. The initial algal 
concentrations were 4.36 ×  104 cells  mL−1 for D. subspi-
catus, 3.25 ×  104 cells  mL−1 for S. acutus, and 1.25 ×  104 
cells  mL−1 for T. dimorphus. The nominal concentrations 
of SDS in the experiments were  10–2–103 mg  L−1 (com-
mon rate = 10; six treatments). The experiments were run 
for 72 h in triplicate under the same conditions as those 
used for the stock cultures. Water temperature, pH, and 
dissolved oxygen (DO) were measured for the initial con-
dition of COMBO media and 72 h later in the controls, the 
lowest dose treatments, and the highest dose treatments.

Samples (0.3 mL) were collected daily for determina-
tion of cell density (cells  mL−1) and morphological state. 
The number of cells and different morphologies (unicellu-
lar algae and two- to eight-celled colonies) were observed 
from at least 100 algal particles with a plankton counter 
(Matsunami Glass Ind. Ltd., Osaka, Japan) under a micro-
scope at 200 × magnification. Chlorophyll a (Chl. a) con-
centrations (μg  L−1) were also quantified at the beginning 
(in extra control samples, n = 3) and end of the experiment 
by ethanol extraction and fluorescence measurement in 
accordance with Marker et al. (1980).

Growth rates (μ,  day−1) were calculated from changes 
in natural log-transformed algal biovolumes (cell density 
or Chl. a concentration) against time using the following 
equation:

where Vt is the final algal biovolume, V0 is the initial algal 
biovolume, and Δt is cultivation time (day).

Colony induction rate was determined as mean cells per 
particle (MCPs) using the following equation:

where NC is the total number of cells, and NP is the total 
number of colonies.

The initial and final SDS concentrations in the controls 
and each of the treatments were measured by methylene 
blue absorptiometry (Aomura et al. 1981), a spectrophoto-
metric analysis of the ionic pair anionic surfactant–meth-
ylene blue extracted in chloroform. Water samples at the 
beginning of the experiments were 50 mL COMBO (con-
trol) and appropriate volumes of each SDS stock solution 
in the analytical quantitative range (2–50 μg  L−1 as SDS). 
To remove algae, water samples collected at end of the 

� =
ln
(

V
t

)

− ln
(

V0

)

Δt

MCP =
N
C

N
P

experiments were filtered through a Whatman GF/C filter 
and then subjected to SDS analysis.

Cell-based and Chl. a-based growth rates (μ) for each 
algal species were statistically compared among treatments. 
Bartlett’s test was applied to the data set to evaluate whether 
equal variances could be assumed. A one-way ANOVA fol-
lowed by the post hoc Tukey’s HSD test or Kruskal–Wallis 
rank sum test and the pairwise Welch’s t-test (P values were 
adjusted using Holm’s method) was conducted in accord-
ance with the results of Bartlett’s test. Additionally, we esti-
mated 72-h  EC50 values of SDS for each algal species and 
their 95% confidence intervals (CIs) by fitting the cell-based 
growth rate to a three-parameter log-logistic model using 
the drc package (Ritz et al. 2016). In the estimation, SDS 
concentrations were applied as geometric mean of the begin-
ning and end of the experiments (Table 1). The 72-h  EC50 
values estimated for different species were statistically com-
pared via the ratio test (Ritz et al. 2006; Wheeler et al. 2006) 
using the EDcomp function in the drc package. The effects 
of time and SDS concentrations on the MCPs of each spe-
cies were analyzed with a generalized linear model (GLM). 
We applied the identity-link and gamma distribution func-
tion to the GLM models. All statistical analyses above were 
performed using R software version 4.0.2 [R development 
Core Team, Vienna, Austria (http:// www.R- proje ct. org/)].

Experiment 2: Effect of SDS‑Induced Colonies on D. 
Galeata Clearance Rates

A grazing experiment was conducted to evaluate the effect of 
SDS-induced colonies in the three tested algae on D. galeata 
clearance rates. To prepare unicellular and colonial prey, 
each algal species was previously cultured in the absence 
(controls) or presence of SDS (1 mg  L−1) for 72 h under 
laboratory conditions. The MCPs and proportion of uni-
cells and two- to eight-celled colonies in the controls and 
treatments for all species grown for 72 h were determined. 
Particle sizes of the unicells and two-, three-, four-, six-, 
and eight-celled colonies for each species were measured as 
surface-area dimensions (μm−2) using the Image J program 
ver. 1.51 K (National Institutes of Health, USA).

The grazing experiment was set up as a nested design 
with three factors: prey species (D. subspicatus, S. acutus, 
and T. dimorphus), algal condition (unicellular or colonial 
morph), and daphnid age (juvenile or adult). Daphnids aged 
3 days (juveniles; mean body length = 1.0 mm, n = 10) and 
7 days (adults; mean body length = 1.4 mm, n = 10) were col-
lected from the stock cultures. The animals were rinsed with 
COMBO medium and then individually moved to a 15-mL 
plastic centrifuge tube containing 5 mL of the unicellular or 
colonial algal prey. Animal-free controls were served for each 
treatment. Treatments and controls were run for 2 h in tripli-
cate at 22 °C in the dark, and the culture tubes were manually 

http://www.R-project.org/
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shaken every 30 min. Initially and after 2 h, the cell densities 
(cells  mL−1) of all samples were measured. The initial SDS 
concentrations of the controls and treatments for each species 
were quantified via methylene blue absorptiometry; the values 
in the controls were below the lowest limit of quantification, 
and the values in the treatments were 1.0 ×  10–2–2.0 ×  10–2 mg 
 L−1.

Clearance rates (CR, in mL  h−1) were calculated using the 
following equations in reference to Lürling et al (2011):

CR = (a + b) × V

a =

{

ln
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)

− ln
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A
T

)
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}

where A0 is the initial algal concentration, AT is the final 
algal concentration in the treatments, AC,t is the final algal 
concentration in animal-free controls, Δt is the time (2 h), 
and V is the culture volume (5 mL).

In accordance with the results of Bartlett’s test, the differ-
ences in CRs and MCPs of the controls and treatments were 
compared using a one-way ANOVA or Kruskal–Wallis rank 
sum test. Statistical analyses were performed with R software.
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Table 1  Physicochemical characteristics and SDS concentrations in the test medium at the beginning and end of the first experiment

a Water temperature
b Dissolved oxygen
c Sodium dodecyl sulfate
d Below the lower limit of quantification (0.05 ×  10–2 mg  L−1)
Geometric means calculated from the initial and final SDS concentrations are also shown

Species Treatment Start End Geo. Mean SDS

WTa pH DOb SDSc WTa pH DOb SDSc

(℃) (mg  L−1) (mg  L−1) (℃) (mg  L−1) (mg  L−1) (mg  L−1)

D. subspicatus Control 22.5 7.0 7.8 d 21.9 8.4 8.4 d d

10–2 mg  L−1 1.19 ×  10–2 22.2 8.4 8.5 0.07 ×  10–2 0.29 ×  10–2

10–1 mg  L−1 1.08 ×  10–1 0.08 ×  10–1 0.30 ×  10–1

100 mg  L−1 1.05 ×  100 0.11 ×  100 0.34 ×  100

101 mg  L−1 0.99 ×  101 0.61 ×  101 0.78 ×  101

102 mg  L−1 0.98 ×  102 0.86 ×  102 0.92 ×  102

103 mg  L−1 1.04 ×  103 22.2 7.4 6.0 0.93 ×  103 0.98 ×  103

S. acutus Control 22.5 7.0 7.4 d 22.3 8.9 8.5 d d

10–2 mg  L−1 1.17 ×  10–2 22.3 8.9 8.4 d d

10–1 mg  L−1 1.09 ×  10–1 0.19 ×  10–1 0.45 ×  10–1

100 mg  L−1 1.07 ×  100 0.18 ×  100 0.44 ×  100

101 mg  L−1 1.14 ×  101 0.82 ×  101 0.97 ×  101

102 mg  L−1 1.07 ×  102 0.95 ×  102 1.01 ×  102

103 mg  L−1 1.03 ×  103 22.7 7.8 6.0 1.03 ×  103 1.03 ×  103

T. dimorphus Control 22.2 7.0 7.0 d 22.2 8.5 7.7 d d

10–2 mg  L−1 1.02 ×  10–2 22.3 8.5 7.8 0.07 ×  10–2 0.27 ×  10–2

10–1 mg  L−1 0.99 ×  10–1 0.17 ×  10–1 0.44 ×  10–1

100 mg  L−1 1.08 ×  100 0.20 ×  100 0.63 ×  100

101 mg  L−1 1.03 ×  101 0.57 ×  101 0.77 ×  101

102 mg  L−1 1.06 ×  102 0.79 ×  102 0.92 ×  102

103 mg  L−1 1.12 ×  103 22.0 7.0 6.6 0.87 ×  103 0.99 ×  103
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Results

Effects of SDS on Growth and Morphology of D. 
Subspicatus, S. Acutus, and T. Dimorphus

Measured physicochemical characteristics (water tempera-
ture, pH, and DO) in Experiment 1 are shown in Table 1. 
The water temperature varied at less 1.0 °C during the 
experiments. The pH values at end of the experiments were 
8.4–8.9 for the controls and the treatments  10–2 mg  L−1, 
and 7.0–7.8 for the treatments  103 mg  L−1. The DO values 
in the controls and the treatments  10–2 mg  L−1 increased 
to 7.7–8.5 mg  L−1. In the treatments  103 mg  L−1, the DO 
values decreased to 6.0–6.6 mg  L−1. These variations in 
controls and treatments did not seriously affect the algal 
growth conditions.

Both the cell-based and Chl. a-based growth rates of 
all tested species decreased with exposure to  102 mg  L−1 
SDS (Fig. 1a–c). Only the growth rate of D. subspicatus 
was nearly zero or below under  102 mg  L−1 < of SDS con-
centration. The estimated 72-h  EC50 values for each spe-
cies were 23.2 mg  L−1 (D. subspicatus), 157.5 mg  L−1 (S. 
acutus), and 46.0 mg  L−1 (T. dimorphus) (Table 2). The 
ratio test revealed that these  EC50 values were significantly 
different (P < 0.05), indicating that sensitivity to SDS was 
as follows: D. subspicatus > T. dimorphus > S. acutus.

The MCPs of each species changed over time and with 
SDS concentration. Increase in MCP appeared more rap-
idly in D. subspicatus and S. acutus (24 h later, Fig. 2a, 
b) compared with T. dimorphus (48 h later, Fig. 2c). In 
the controls, the MCPs of T. dimorphus varied over time 
(3.74–4.74, Fig. 2c, Table 3). Maximum MCP values were 
observed 48 h later in S. acutus (2.16, Fig. 2b) and 72 h 
later in both D. subspicatus (2.36, Fig. 2a) and T. dimor-
phus (6.22, Fig. 2c). GLM analysis revealed that the SDS 
concentrations to increase MCP were 0.1–10 mg  L−1 for 
both D. subspicatus and T. dimorphus and 10–100 mg  L−1 
for S. acutus (Table 3). In higher dose levels than those 
SDS concentrations, MCP increases tended to be restricted 
in all species (Fig. 2a–c; Table 3).

Effect of SDS‑Induced Colonies on D. Galeata 
Clearance Rates

Juvenile D. galeata feeding on SDS-induced colonial D. 
subspicatus and T. dimorphus in the treatments had sig-
nificantly lower CRs than the daphnids in those controls 
(Fig. 3a, c). The reduced CRs in the treatments were also 
observed in adult daphnids feeding on D. subspicatus 
(Fig. 3a). Meanwhile, the CRs of the controls and treat-
ments did not differ for S. acutus-fed daphnids, in spite of 

age (Fig. 3b). The MCPs of D. subspicatus and T. dimor-
phus in the treatments were significantly higher than those 
in the controls (Fig. 4a, c); however, the control and treat-
ment MCPs of S. acutus were comparable (Fig. 4b). The 
higher MCP in the treatment population of D. subspicatus 

Fig. 1  Growth rates (μ,  day−1) based on the increase in cell density 
(filled circles) and on the increase in Chl.-a concentration (open 
circles) for a D. subspicatus, b S. acutus, and c T. Dimorphus incu-
bated for 72 h in the controls and treatments (SDS concentrations of 
 10–2–103 mg  L−1). Error bars show standard deviations (n = 3). Simi-
lar subscript letters (A–C and a–d) indicate homogenous groups that 
are not significantly different

Table 2  The 72-h  EC50 with 95% confidence intervals (CIs) for tested 
algae based on the geometric mean SDS concentrations (mg  L−1)

Different letters indicate a significant difference (P < 0.001) in the 
72-h  EC50 between species

Species 72-h  EC50 [95% CIs]
(mg  L−1)

D. subspicatus 23.2c [15.2–31.1]
S. acutus 157.5a [91.1–223.9]
T. dimorphus 46.0b [25.2–66.8]
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mostly resulted from a decreased proportion of unicells 
(12.6%) and increased proportion of four-celled colonies 
(7.7%) (Fig. 4d). In T. dimorphus, a reduction in unicells 
(9.3%) and an increase in four- and eight-celled colo-
nies (17.8%) mainly contributed to the higher MCPs in 
the treatment (Fig. 4f). Differences in the surface-area 
dimensions of those unicells and colonies are presented 
in Table 4.

Discussion

The 72-h  EC50 values of SDS for the three Scenedesmaceae 
species examined here ranged from 23.6 mg  L−1 to 159.5 mg 
 L−1 (Fig. 1a–c; Table 2), which were much greater than real-
world surfactant concentrations (< 0.5 mg  L−1, Bondini et al. 
2015; Jackson et al. 2016). Still, SDS triggered colony for-
mation in all tested species at concentrations 10–100 times 
lower than the 72-h  EC50 (Fig. 2a–c, Table 3). Our results 
coincide with several other studies on S. obliquus; anionic 
surfactants (SDS or FFD-6) have consistently promoted 
colony formation in S. obliquus at concentrations below 
those at which growth was inhibited (Lürling and Beekman 
2002; Lürling 2006; Lürling et al. 2011; Zhu et al. 2020). 

This indicates that the morphological response to anionic 
surfactants at harmless dose levels is common in the fam-
ily Scenedesmaceae—at least in the genera Desmodesmus, 
Scenedesmus, and Tetradesmus. Given that colony forma-
tion of those genera following exposure to Daphnia culture 
medium has also been reported (Ha et al. 2004; Lürling 
2003), the effect of the surfactant on Scenedesmaceae mor-
phology may, not surprisingly, be attributed to its structural 
similarity to the compounds (aliphatic sulfates) emitted by 
Daphnia (Yasumoto et al. 2005, 2006, 2008a, 2008b). SDS 
also impeded morphological changes in all tested species 
at dose levels above the 72-h  EC50 (Fig. 2a–c). Such lim-
ited induction of colony formation has also been found for 
other anionic surfactants (FFD-6, Lürling 2006; Lürling 
et al. 2011). Colonies of Scenedesmaceae are formed in an 
asexual reproduction process (production of daughter cells) 
of auto-sporulation in active growth periods (Lürling 2003). 
Therefore, such interference effects on colony formations 
may be the result of growth inhibition.

We detected a species-specific difference in the 72-h 
 EC50 of SDS in the tested algae. Specifically, S. acutus 
was approximately 6.8 and 3.5 times less sensitive to SDS 
than were D. subspicatus and T. dimorphus, respectively 
(Table 2). In accordance with this trend, the morphological 

Fig. 2  Time-dependent changes 
in mean cells per particle 
(MCPs) of a D. subspicatus, b 
S. acutus, and c T. dimorphus 
in the controls and treat-
ments (SDS concentrations of 
 10–2–103 mg  L−1). Error bars 
show standard deviations (n = 3)
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response of S. acutus to SDS was insensitive compared with 
those of the other species (Table 3). The sensitivity to SDS in 
another freshwater green alga Raphidocelis subcapitata (the 
72-h  LC50 = 36.6 mg  L−1) was also comparable to those of 
D. subspicatus and T. dimorphus (Liwarska-Bizukojc 2005), 
but not S. acutus. We found no other study addressing dif-
ferences in sensitivity to SDS within Scenedesmaceae, with 
the exception of Lürling (2006), who reported extremely less 
sensitivity in S. obliquus to the anionic surfactant FFD-6; 
growth inhibition was found at  103–104 mg  L−1 of FFD-6. 
These results suggest that the genus Scenedesmus may have 
higher tolerance to anionic surfactants than other genera of 
the family Scenedesmaceae. While further investigation is 
needed to elucidate the differential sensitivities to SDS in 
Scenedesmaceae, our microscopic observations confirmed 
that there is no association between sensitivity to SDS 
and individual cell size; the particle size of unicells were 
ranked as follows: T. dimorphus > S. acutus > D. subspicatus 
(Table 4). Anionic surfactants can denature and bind pro-
tein in the cell wall (such as endogenous thylakoid proteins) 
and then affect chlorophyll synthesis (Chawla et al. 1987; 
Lewis 1990). Generally, algae with thicker cell walls are 
less likely to be affected by surfactants (Lweis 1990). There-
fore, the species-specific sensitivity to SDS among the three 

Scenedesmaceae species may be resulted from the difference 
in the thickness of cell wall rather than individual cell size.

The induction level of colony formation in D. subspica-
tus by SDS nearly coincides with that of a previous study, 
where MCP was approximately 1.5–2.5 (Fig. 2a, Yasumoto 
et al. 2005). Those MCPs were smaller than those observed 
in Daphnia culture water (3.5 by Yasumoto et al. 2005). 
Scenedesmus acutus and T. dimorphus also showed smaller 
MCP with SDS exposure (1.4–2.1 for S. acutus and 5.8–6.2 
for T. dimorphus, Fig. 2b, c) than with filtrates of the Daph-
nia culture medium (3.0 for S. acutus by Lürling and Van 
Donk 1996; 7.0 for T. dimorphus by Ha et al. 2004). Zhu 
et al. (2020) also reported that SDS exposure resulted in 
approximately 2.0–2.5 of MCPs in S. obliquus, whereas the 
Daphnia culture medium increased the MCPs to 4.0. These 
results indicate that SDS moderately induces the colonial 
morphology of Scenedesmaceae. In contrast, another anionic 
surfactant, octyl sodium sulfate, appeared to be highly active 
in producing colonial Scenedesmaceae, comparable with the 
Daphnia culture medium (Yasumoto et al. 2005; Yokota and 
Sterner 2011). The specific factors that determine colony 
formation remain unclear; however, differences in chemical 
structure of anionic surfactants, such as the number of dou-
ble bonds, the presence/absence of a methyl group terminus 

Table 3  Coefficients and 95% 
confidence intervals of each 
parameter in the GLM analysis 
to explain the effects of time 
and SDS concentrations on the 
mean cells per particle (MCPs)

Significant parameters are shown in bold with asterisk labels
* P < 0.05
** P < 0.01
*** P < 0.001

Species Effect Coefficient [95% Confidence Intervals]

D. subspicatus Time 0.13 [− 0.03, 0.28] ×  10–2

Time:  10–2 mg  L−1 0.15 [− 0.09, 0.39] ×  10–2

Time: 10–1 mg L−1 0.63 [0.37, 0.89] × 10–2***
Time: 100 mg L−1 1.42 [1.15, 1.68] × 10–2***
Time: 101 mg L−1 0.25 [0.01, 0.49] × 10–2*
Time:  102 mg  L−1 0.04 [− 0.27, 0.19] ×  10–2

Time:  103 mg  L−1 0.14 [− 0.36, 0.08] ×  10–2

S. acutus Time 0.11 [− 0.45, 0.51] ×  10–2

Time:  10–2 mg  L−1 0.01 [− 0.52, 0.51] ×  10–2

Time:  10–1 mg  L−1 0.03 [− 0.56, 0.51] ×  10–2

Time:  100 mg  L−1 0.45 [− 0.09, 1.01] ×  10–2

Time: 101 mg L−1 1.60 [0.06, 1.15] × 10–2*
Time: 102 mg L−1 1.45 [0.87, 2.03] × 10–2***
Time:  103 mg  L−1 0.39 [− 0.08, 0.86] ×  10–2

T. dimorphus Time 1.17 [0.42, 1.92] × 10–2**
Time:  10–2 mg  L−1 0.17 [− 0.88, 1.23] ×  10–2

Time: 10–1 mg L−1 1.60 [0.52, 2.70] × 10–2**
Time: 100 mg L−1 1.53 [0.44, 2.62] × 10–2*
Time: 101 mg L−1 1.69 [0.62, 2.77] × 10–2**
Time:  102 mg  L−1 0.66 [− 1.72, 0.39] ×  10–2

Time: 103 mg L−1 1.08 [− 2.13, 0.04] × 10–2*
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and an alkyl chain length could be important factors (Yasu-
moto et al. 2005).

Despite the moderate activity of SDS on Scenedes-
maceae morphology, interference effects on Daphnia feed-
ing ability were found for the algal prey that had formed 
colonies following SDS pre-exposure (D. subspicatus and 
T. dimorphus); the CRs in juvenile or adult daphnids feed-
ing on the colonial algae were reduced (Fig. 3a, c; Fig. 4a, 
c). Although SDS may have directly affected D. galeata, 
measured concentrations of SDS in the grazing experiments 
(1.0 ×  10–2–2.0 ×  10–2 mg  L−1) were far below the levels 
toxic to Daphnia. For instance, the 48-h  EC50 (or  LC50) val-
ues of SDS to D. obtusa and D. magna were 9.8 mg  L−1 
and 24.8 mg  L−1, respectively (Bulus et al. 1996; Martinez-
Jeronimo and Garcia-Gonzalez 1994). Meanwhile, the ani-
onic surfactant FFD-6 reduced the CRs of D. magna at a 

fivefold lower dose than the 48-h  LC50 of D. magna (Lür-
ling et al. 2011). Surfactants can indirectly affect the filter-
ing efficiency of Daphnia by changing the surface charge 
of food particles (from neutral to net negative charges) and 
by increasing the wettability of both grazers and algal prey 
(Gerritsen and Porter 1982). A certain quantity of SDS may 
have absorbed onto the algae because the lower concentra-
tions of SDS  (10–2–101 mg  L−1) dramatically decreased 72 h 
after exposure (Table 1). However, we also observed identi-
cal CRs between the controls and treatments for D. galeata 
feeding on S. acutus (Fig. 3b), indicating that the toxic 
effects on daphnids were small in the grazing experiments.

In accordance with the classical hypothesis that the col-
ony-formed Scenedesmus have enhanced grazing resistance 
to herbivorous zooplanktons (e.g., Hessen and Van Donk 
1993), the reduction in D. galeata CRs may have resulted 
from the increased particle size of algal food in the treat-
ments (Fig. 3a, c). The D. subspicatus population in the 
treatment had a higher proportion of four-celled colonies 
(Fig. 4d) of which the apparent algal particle size (as the 
surface area, 223.1 ± 27.3 μm2) was approximately five times 
larger than that of the unicells (42.6 ± 8.0 μm2) (Table 4). 
Similarly, the proportion of larger-sized colonies in the T. 
dimorphus population increased in the treatment (Fig. 4f). 
The four-celled (1,673.2 ± 361.9  μm2) and eight-celled 
(3,825.8 ± 718.5 μm2) colonies differed markedly from the 
unicells (322.5 ± 76.5 μm2) (Table 4). Such particle size 
increases of entire algal populations can inhibit the feeding 
efficiency of small grazers. For example, Daphnia smaller 
than 1.2 mm exhibited lower CRs when they were feed-
ing on colonial S. obliquus that have a mean particle vol-
ume of 150–300 μm3 (Lürling 2003). Because the MCPs 
highly correlate with the mean particle volume (e.g., Lür-
ling 2006), colonial Scenedesmaceae with MCPs of even 
1.5–3.0 can affect small grazers. In the present study, juve-
nile D. galeata (body length = 1.0 mm) was in small size 
class to being affected by colonial algal prey. In contrast, 
larger-sized cladocerans (approximately 1.6–2.5 mm) readily 
consumed colonial Scenedesmus (Lürling 2003). Although 
we detected a reduction in CRs in adult D. galeata feeding 
on colonial D. subspicatus (Fig. 3a), the size class of those 
daphnids (1.4-mm body length) were also below the large-
sized zooplankton.

The potential ecological risks of several contaminants 
involve not only direct toxicity to aquatic organisms (i.e., 
detrimental effects on survival, growth, and reproduction), 
but also the inhibition of adaptive phenotypic responses by 
interfering with the natural chemical information transfer 
between species (Lürling 2012). Some studies have pointed 
out that such effects tend to occur even at nonlethal con-
centrations (e.g., Hanazato 2001; Boyd 2010; Lürling 2012; 
Van Donk et al. 2016). In accordance with these studies, 
we demonstrated the general morphometric effects of SDS 

Fig. 3  Mean clearance rates (CR, mL  h−1) of juvenile and adult D. 
galeata grazing on food two types (unicells from the controls: white 
bars; colonies from the treatments: gray bars) of a D. subspicatus, b 
S. acutus, and c T. dimorphus. Error bars show standard deviations 
(n = 3). Asterisks denote a significant difference between the control 
and treatment. (** P < 0.01, *** P < 0.001)
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on three Scenedesmaceae species at nonlethal concentra-
tions. Although SDS moderately changed the morphology of 
tested algae, the colonized D. subspicatus and T. dimorphus 
suppressed the CRs of the consumer D. galeata. Inhibited 
feeding by colonial algal prey can decrease somatic growth 
and reproduction in Daphnia (Lürling and Van Donk 1996), 

resulting in reduced population growth. While our find-
ings suggest that SDS indirectly affects Daphnia–Scened-
esmaceae systems by promoting colony formation, recent 
studies have also demonstrated that some pollutants can 
impair the inducible defense in Scenedesmus against Daph-
nia grazing cues at harmless concentrations (Huang et al. 
2016; Zhu et al. 2019, 2020). Interfered induction of colo-
nies can expose Scenedesmaceae to higher grazing risk, 
leading to population collapse of the algae. Colony forma-
tion should only act as an adaptive response to a reliable 
cue (i.e., info-chemicals emitted by grazers) because of the 
associated unnecessary costs (e.g., enhanced sinking veloc-
ity and reduction in surface-to-volume ratios, Lürling and 
Van Donk 2000). This means that both pollutant-induced 
and -impaired colonization would have a maladaptive con-
sequence for Scenedesmaceae. At the population level, the 
grazer-induced formation of protective colonies can work 
as a stabilizing factor to population size fluctuations of both 
predator and prey (Verschoor et al. 2004). The interference 

Fig. 4  Mean cells per particle (MCPs) and the proportions of uni-
cells, two-, three-, four-, six-, and eight-celled colonies in a, d D. sub-
spicatus populations, b, e S. acutus populations, and c, f T. dimor-
phus populations grown for 72 h in the absence (control; white bars) 

and presence of SDS (treatment; gray bars). Error bars show standard 
deviations (n = 3). Asterisks denote a significant difference between 
the control and treatment. (* P < 0.05, *** P < 0.001)

Table 4  Surface area (mean ± SD, n = 5, in μm2) of unicells, two-, 
three-, four-, six-, and eight-celled colonies for D. subspicatus, S. 
acutus, and T. dimorphus 

D. subspicatus S. acutus T. dimorphus

Unicell 42.6 ± 8.0 93.5 ± 7.0 322.5 ± 76.5
2-celled 96.7 ± 13.0 184.2 ± 19.0 638.6 ± 182.9
3-celled 162.8 ± 19.0 274.2 ± 19.4 1064.9 ± 189.2
4-celled 223.1 ± 27.3 399.6 ± 21.9 1673.2 ± 361.9
6-celled 386.7 ± 51.9 2424.2 ± 295.6
8-celled 590.6 ± 79.4 3825.8 ± 718.5
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effects of pollutants on colony induction can disrupt popu-
lation stability by causing mismatches in response timing 
to appropriate predator density in prey alga (Miner et al. 
2005). Such potential risks of pollutants are not covered by 
the traditional endpoints (mortality and reproductive output) 
in standard toxicity tests. In future research, population- or 
community-level assessments are needed to detect the dis-
ruptive effects of pollutants on predator–prey interactions.
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