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Abstract 

Background:  Whole sediment contact tests provide realistic exposure scenarios, but the inherent properties of sedi-
ments may play a significant role in organism’s response and interfere with result interpretation. Recently, a sediment 
contact test with a rooted aquatic macrophyte Myriophyllum aquaticum has been standardized. The present study 
aims to distinguish between effects of basic sediment properties and sediment-bound pollutants on M. aquaticum 
growth and evaluate the method as a tool in sediment quality assessment. Tests with artificial sediments with differ-
ent organic matter, sand and clay content, as well as freshwater sediments with different levels of contamination were 
conducted.

Results:  Results were based on comparison to the standard artificial control sediment. Organic matter content and 
grain size distribution in different variants of artificial sediments significantly affected M. aquaticum growth. Growth 
was impaired in formulations with low (1%) and high (10%) organic matter content, while better growth of plants 
compared to control was recorded in artificial samples with higher fine particles content. Because of the presence 
of unmeasured pollutants in freshwater sediments and inherent sediment properties, results of the M. aquaticum 
sediment contact tests were not always in accordance with the results of chemical analysis. Whorl, shoot and root 
parameters had different variability and showed a particular growth pattern in natural sediments. If the threshold of 
20% for sediment toxicity is applied, then about 60% of tested natural sediments may be considered as toxic. As sedi-
ment structure may influence plant growth, this interpretation may be false as the physico–chemical properties of the 
control sediment used for comparison are considerably different from the properties of natural sediments.

Conclusions:  Since inherent properties showed a significant effect on plant growth, the use of suitable controls 
more similar to tested natural sediments is advisable. To avoid over-, but also under-estimations, the use of the strict 
toxicity threshold of 20% or even higher inhibition for this test can be recommended, provided the statistical power of 
the test is high. The results of this study might contribute to the ongoing process of including effect-based methods 
in water quality monitoring under the Water Framework Directive.
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Background
The bioavailability, fate and distribution of chemicals 
in sediments are influenced by site-specific physical, 

chemical and biological properties [1, 2]. Even though the 
heterogeneity and dynamics of sediments raise the com-
plexity of their analysis in risk assessment, ignoring them 
or their specific properties may lead to errors in assessing 
the ecotoxicological status of waters [1, 3].

Water Framework Directive (WFD) [4] aimed to 
achieve good ecological and chemical status of European 
waters by the year 2015—the goals which a number of 
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EU member states failed to accomplish [5]. The WFD did 
not specifically deal with sediment and does not require 
EU member states to monitor sediment quality; however, 
sediment quality and good status of waters are closely 
related [6, 7]. Based on the experiences of some member 
states, sediment quality could be a reason for not meet-
ing the WFD objectives [8]. According to the WFD, good 
chemical status means complying with environmental 
quality standards (EQS) set at EU level for priority sub-
stances [9] amended by [10]. This directive lists priority 
substances and defines EQSs in biota and water, while 
member states can choose to monitor some of the prior-
ity substances, as well as nationally defined river basin 
specific pollutants in sediments, provided they are at 
least as protective as the ones from the EQS Directive [7].

Chemical analysis in sediment quality assessment, 
which was the predominant approach in the past few 
decades, was recognized as unrealistic, as chemicals pre-
sent in sediments do not necessarily pose a risk to the 
resident biota, while the risk from unmeasured chemicals 
and mixture effects is overlooked [11]. In the 1980s, Long 
and Chapman suggested the Sediment Quality Triad 
(SQT) approach, which involved three lines of evidence: 
chemistry, sediment toxicity and benthic community 
structure [12]. The combination of different methodolo-
gies was supposed to provide a more holistic sediment 
quality evaluation. Today, toxicity tests are an integral 
part of sediment assessment as lines of evidence in the 
weight of evidence approach [2, 11, 13, 14]. In addition to 
sediment pore water and elutriate tests, whole sediment 
contact tests can be useful tools in identifying effects 
of (bioavailable) sediment-bound chemicals and their 
mixtures providing more realistic exposure conditions 
[15, 16]. Generally, assessment based on a single test is 
not favored and a battery of tests covering at least three 
species from different trophic levels and habitats is rec-
ommended [17]. It is widely accepted that the analysis 
of various functional groups provides more information 
on different exposure routes of substances with vari-
ous modes of action [13], which gives the effect-based 
methods an important role in holistic environmental 
monitoring contributing to the EU strategy for a non-
toxic environment [17, 18]. Even though a lot of available 
effect-based methods such as batteries of in  vitro and 
in vivo whole-organism bioassays require advancements, 
they are a link between ecological and chemical status of 
waters, and therefore may be valuable as routinely used 
tools in environmental monitoring and management of 
water bodies [18].

A number of protocols have been developed for sedi-
ment quality assessment: with microorganisms (e.g., 
[19]) and invertebrates (e.g., [20, 21]). Recently, a sedi-
ment contact test with a rooted aquatic macrophyte, 

Myriophyllum aquaticum, was developed and standard-
ized as a risk assessment tool [22]. The method can be 
applied in retrospective risk assessment, via whole sedi-
ment toxicity tests, as well as in prospective risk assess-
ment via sediment spiking tests. Even though the method 
showed good practicability, reproducibility and was 
found to be a suitable tool to assess sediment toxicity 
[16], it is not routinely applied much. The M. aquaticum 
test is used as one of the optional tests in some Euro-
pean countries ([17, 23] and Ute Feiler personal com-
munication, November, 2018). The application of the M. 
aquaticum test is especially rare compared to the more 
frequently used whole sediment tests on invertebrates 
(e.g., [24]).

The inclusion of sediments in toxicity tests for benthic 
invertebrates and rooted aquatic plants not only raises 
the ecological realism in environmental risk assessment 
[25], but also increases the complexity in test result inter-
pretation. In sediment quality assessment, particularly 
when using bioassays, general sediment properties rather 
than chemical contamination may play a key role [13, 15]. 
The commonly used endpoint in plant toxicity testing is 
the inhibition of growth. The inherent properties of the 
tested sediments are often quite different from those of 
the artificial control sediment which might lead to false 
interpretations of the observed difference in the organ-
ism’s response in samples. Since plant growth, reproduc-
tion and recovery from stress highly depend on nutrient 
concentration and availability, organic matter content, 
grain size and other properties, it is crucial to distinguish 
between the intrinsic variability of growth parameters, 
plant response to overall ecological conditions or various 
inherent sediment properties and the potential effect of 
sediment-bound toxicants. This also holds true for set-
ting toxicity thresholds and development of Sediment 
Quality Guidelines (SQGs), as decision-making and man-
agement against Toxicity Thresholds and/or Probable 
Effect Level (TEL/PEL) values are still one of the most 
suitable approaches available and used in risk assessment 
and management [26–28].

Plant growth inhibition (I%) based on relative growth 
rate of whorl fresh weight (RGR of wFW) in a sediment 
sample compared to control is the suggested test end-
point in the standard Myriophyllum aquaticum test 
[22]. We searched for potential M. aquaticum growth 
patterns in various formulations of the standard artifi-
cial control with different sand, clay and organic matter 
content, as well as in natural sediments with different 
levels of contamination. The response of the standard 
endpoint, as well as several additional growth param-
eters were compared to the corresponding test controls 
and the long-term laboratory control. The long-term 
laboratory control was derived from seven tests (seven 
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average control values, each calculated from control 
replicates). The objectives were to (a) assess whether 
environmental factors such as sediment grain size and 
organic matter content in sediments significantly affect 
M. aquaticum growth in the standard laboratory test 
(b) differentiate between plant responses to inher-
ent sediment properties and chemical stress caused 
by sediment-bound pollutants in natural sediments 
and accordingly to (c) evaluate the applicability of the 
standard test in natural sediment quality assessment.

Methods
Sediment samples
Artificial laboratory control sediments were prepared 
following the protocol [22] and contained 5% of organic 
matter—Sphagnum sp. dried peat, 74% of quartz sand, 
20% kaolin clay and 1% of CaCO3. Five alternative arti-
ficial sediment formulations were tested (A1–A5), all 
differing from the standard control in peat, sand or clay 
content. The first two varied in peat and sand, while the 
other three varied in sand and clay content.

Natural sediments were taken from slow-flowing 
typical lowland rivers Tamiš (T6-14), Jegrička (J15) and 
Krivaja (K16), as well as from lake Ludaš (L17–19) (Dan-
ube River Basin, Vojvodina Province, Republic of Serbia; 
details of sampling sites are shown in Additional file  1: 
Text S1. Surface sediments (0–10 cm) were collected with 
a core sampler, homogenized and stored in glass jars in 
the dark at a temperature circa 4 °C until further use.

Physical and chemical analyses
Fractional analysis of sediment samples (particles < 2 μm, 
fraction in the range of 2–63  μm and sand content) 
was carried out according to [29]. Contents of dry and 
organic matter were determined according to [30]. The 
analysis of sediments for metals, arsenic, organochlorine 
pesticides, polychlorinated biphenyls (PCBs) and poly-
cyclic aromatic hydrocarbons (PAHs) was done accord-
ing to EPA standard procedures described in Additional 
file 1: Text S2.

Plant cultivation
Myriophyllum aquaticum was cultivated on standard 
artificial sediment, watered to saturation and regularly 
irrigated with nutrient Steinberg solution at 25 ± 2  °C, 
illuminated with continuous cool white fluorescent 
lighting (85–135 μE/m2/s equivalent to 6500–10000 lx) 
[22]. The artificial sediment was checked for trace 
metals and the measured concentrations (expressed 
per kg of dry weight) were as follows: Zn 4.39  mg/kg, 
Cd < 0.15 μg/kg, Cu 4.29 mg/kg and Pb 2.97 mg/kg.

Myriophyllum aquaticum sediment contact tests
Seven Myriophyllum aquaticum sediment contact 
tests were run non-simultaneously according to pro-
tocol [22]: two tests of alternative formulations of arti-
ficial control sediments (A1–A5), three tests of Tamiš 
sediments (T6–T14), one test of samples from Jegrička 
and Krivaja (J15, K16) and one test of lake Ludaš sam-
ples (L17–19). At the start of the test, plants from 
21 ± 3 days old pre-cultures were cut into whorls (fresh 
weight range 25 ± 6  mg). Three whorls per replica, 
three replicates per each treatment and three–six per 
control (depending on a test), were planted into 80  g 
of test and control sediment per test vessel, at the pre-
marked positions (1–3), closed with translucent lids 
with openings for aeration. The standard artificial sedi-
ment [22] was used as a control in all tests, tests were 
run in static conditions and exposure conditions were 
the same as during cultivation. During the exposure 
time of 10 days, plants were watered with nutrient solu-
tion and test vessels were randomized every 48–62 h.

Endpoints and growth parameters
At the beginning of the test, the plant whorls from the 
laboratory culture were cut, their weight was measured 
(whorl fresh weight (wFW) at day 0) and they were 
placed in test vessels. After the 10-day exposure, plant 
fresh weight was measured again (wFW at day 10), and 
other growth parameters were also analyzed: shoot 
fresh weight (sFW), total length of the shoots (sL), root 
fresh weight (rFW), total length of the roots (the sum 
of the roots) (rL). Root–shoot ratio, based on FW and 
L measurements was also calculated. Relative growth 
rates (RGRs) for each plant were calculated from the 
measured total plant fresh weights to enable calculation 
of the arithmetic mean of the RGR per test and con-
trol vessel according to protocol [22]. Inhibition (I%) 
of relative growth rate was calculated for each sedi-
ment sample—treatment group, according to protocol. 
Percent inhibition of other growth responses were also 
calculated, but based only on measurements on day 10. 
Equations are displayed in Additional file 1: Text S3.

Data analysis
Mean, standard deviation (SD) and coefficient of varia-
tion (CV%) were calculated for specific growth rates and 
all other growth parameters. Results from control treat-
ments of seven tests from this study (seven average test 
control values derived from corresponding test repli-
cates) were collated and their average values was used as 
a long-term laboratory control (lc). Statistical differences 
between average test control values were determined with 
one-way ANOVA Fischer’s method (at 0.05 significance 
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level, Statistica v.13.3). Plant growth responses in test 
sediments were compared to corresponding test controls 
(tc), as well as the long-term laboratory control (lc) using 
Dunnett procedure, which integrates one-way ANOVA 
and t test (or with Bonferoni’s adjustment in case of non-
equal number of replicates per treatment) as a post hoc 
test [31]. Significance was assigned uniformly at p = 0.05. 
Statistical power of the test was assessed by minimum 
significant difference (MSD) between control and treat-
ments for an observed parameter and sensitivity by the 
percentage of decrease compared to the corresponding 
control (MSD, %). Since MSD (%) is based on the inher-
ent variability of a test parameter, it is automatically cal-
culated during data analysis [31] and presented for each 
endpoint in all the tests conducted. Equation is displayed 
in Additional file 1: Text S3.

Multivariate analysis
Principal component analysis (PCA) was carried out with 
an Excel add-in (Addinsoft (2019), XLSTAT statistical 
and data analysis solution. Long Island, NY, USA. https​
://www.xlsta​t.com). Results of the analysis were summa-
rized by a correlation circle, observations chart and the 
correlation values table. Values that were not best repre-
sented in the first two dimensions were filtered out and 
not shown in the correlation circle. The Pearson correla-
tion coefficients were calculated among all plant growth 
responses and other variables (organic matter, sand, fine 
particle content and concentrations of chemicals) with a 
significance level = 0.05. Only chemicals measured in all 
samples were taken into account.

The multivariate linear regression analysis was per-
formed using generalized linear models (GLMs) in R 
software version 3.5.1 (R Development Core Team 2018). 
The GLMs were used to analyze the effect of sediment-
related parameters such as organic matter, sand and fine 

particles content, as well as concentrations of relevant 
chemicals on the various plant growth responses. For 
each response variable, best model was chosen based 
on  the corrected AIC values (AICc) [32] using the func-
tion stepAIC in R package MASS [33]. The evaluation of 
the model fit was performed by calculating the adjusted 
R-squared values using the rsq function from R package 
rsq [34].

Results
The inherent variability of the Myriophyllum aquaticum 
sediment contact test
The average values of M. aquaticum growth parameters 
of seven trials from this study are displayed in Table  1 
and used as long-term laboratory control values. Average 
test control RGR was 0.105 (ranging from 0.094 to 0.127), 
while average variability based on RGR was 11.01% (rang-
ing from 6.9 to 15.1%, Additional file 1: Tables S1 and S3). 
Based on Fischer’s analysis (at 0.05 significance level, Sta-
tistica v.13.3), differences were significant between con-
trols in test 7 and all other test controls.

Apart from the low variability for average test control 
RGR, variability lower than 25% was recorded for average 
initial (wFW0) and final fresh whorl weight (wFW10), 
shoot fresh weight (sFW) and length (sL) (Table  1). 
Higher variability than 30% was recorded for root fresh 
weight (rFW) and length (rL) and, consequently, for 
root–shoot ratios based on fresh weight and length 
measurements.

Average control values of 30 individual replicates for 
all growth parameters are displayed in Additional file 1: 
Table  S1 showing a range of RGRs from 0.079 to 0.149 
and their average value and CV% 0.106 and 15.04%, 
respectively.

The average variability (CV%) in artificial and natural 
samples and minimum significant difference (MSD%) of 

Table 1  Long-term laboratory control values (mean-average values of  growth parameters of  seven tests; one 
test = three–six control replicates; sd, standard deviation; CV%, coefficient of variation)

Standard growth parameter according to ISO 16191 [22]

Growth parameters Long-term laboratory control values (average of 7 tests)

Mean Range (min–max) ± SD Median CV%

wFW0—initial whorl fresh weight (mg), d0 25.9 (24.2–28.4) 1.9 25.7 7.2

wFW10—final whorl fresh weight (mg), d10 75.5 (66.3–94.1) 10.1 73.5 13.3

RGR—relative growth rate based on wFW, (0–10 days) 0.105 (0.094–0.127) 0.01 0.103 11.01

sFW—shoot fresh weight (mg) 28.6 (16.8–49.8) 6.2 26.8 24.7

sL—shoot length (mm) 25 (19.7–31.8) 4.3 25.4 17.9

rFW—root fresh weight (mg) 3.7 (1.4–8.1) 1.1 3.7 34.2

rL—root length (mm) 55.8 (18.5–112.6) 18.9 54.4 44

rFW/sFW—root–shoot ratio (fresh weight) 0.16 (0.05–0.51) 0.1 0.16 37.2

rL/sL—root–shoot ratio (length) 2.35 (0.76–5.65) 0.6 2.35 35.6

https://www.xlstat.com
https://www.xlstat.com
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7 tests for various growth parameters in tested sediments 
are displayed in Table 2 (CVs of tested samples and MSDs 
for individual tests are displayed in Additional file  1: 
Table S3).

Generally, the average variability of growth parameters 
in tested artificial and natural sediments showed a simi-
lar pattern as the variability in controls. Lower values of 
CV% were recorded for wFW at d10, sL, RGR and sFW 
and higher for root growth parameters, while ranging 
considerably between treatments.

Highest statistical power or lowest MSD% values were 
calculated based on wFW at d10, RGR, sL and sFW. Low 
sensitivity of tests based on root growth is a result of high 
root variability within treatments, including the control 
sediment and it is reflected in the fact that sometimes 
50% and even 100% growth stimulations were not statis-
tically significant (Additional file 1: Tables S2 and S3).

The sediment contact tests
Tests of artificial sediments with different OM, sand and clay 
content
The structure of artificial sediments seemed to have quite 
an effect on M. aquaticum growth (Table 3, Fig. 1). Sig-
nificantly lower RGR values were recorded in sediments 
A1 and A2 (with 1% and 10% of organic matter, respec-
tively) compared to the standard control (with 5% of 
OM) (Table  3). Shoot growth was more affected than 
root growth. Even though these sediments did not con-
tain hazardous substances, plant growth inhibition based 
on the standard endpoint was around 45% in both, with 
a 30.9% and 19.6% minimal statistical difference in tests 
compared to corresponding test and long-term control, 
respectively (Additional file 1: Table S3).

Plants seemed to prefer artificial sediments with higher 
content of clay (A3, A4 and A5) than in the control sedi-
ment. Growth stimulation of RGR in all three artificial sedi-
ments compared to control was recorded. The best overall 

growth was recorded in sediment A3 (containing 47% sand 
and 47% clay), regardless of the control used for compari-
son (test or long-term). Minimal statistical differences in 
these  tests compared to test and long-term control were 
17.9% and 13.4, respectively (Additional file 1: Table S3).

Test of natural sediments
Physico–chemical characterisation of  natural sedi-
ments  Results of the physical and chemical characteri-
zation of river and lake sediment samples are shown in 
Table 4 and Additional file 1: Table S2 where chemicals 
with lower concentrations in samples are displayed as 
addition to Table  4. Concentrations of hazardous sub-
stances in natural sediments were evaluated against 
TEC—threshold effect concentration and PEC—the prob-
able effect concentration [26] and the Serbian sediment 
target values (Serbian TV)/Serbian maximum allowable 
concentrations (Serbian MAC) [35]. TEC and Serbian 
TV are values below which harmful effects are unlikely to 
happen and can be described as long-term objectives of 
good ecological sediment status, while PECs and Serbian 
MAC are values above which harmful in situ effects are 
most likely to be observed.

Basic properties of natural sediment samples varied: 
river sediments contained higher proportions of sand 
(close to or higher than 70%) compared to samples from 
Ludaš lake (45.3–64.3%). Small particles and organic 
matter content was higher in samples J15, K16 and L17-
19 compared to samples from Tamiš (T6–T14).

The upper threshold values (PEC and Serbian MAC) 
for hazardous substances have been surpassed in the fol-
lowing samples: heptachlor epoxide in T6 and T7; min-
eral oils in K16 and L17; metal concentrations in T8 and 
L17 (Hg); T8–T11, L17 and L18 (As); L17 (Ni, Zn, Cr and 
Cu). Metals were detected in almost every sample, except 
for Cd in T12, J15 and L17 and Pb, Hg and As in K16. 
In all samples except J15 and L18, mineral oils surpassed 

Table 2  Average coefficients of  variation (CV%) of  growth parameters in  tested sediments and  average minimum 
significant differences (MSD%) in seven sediment contact tests

Standard growth parameter according to ISO 16191 [22]

Growth parameters CV% in tested samples (n = 19) MSD% of tests (n = 7)

Average Range (min–max) Average Range (min–max)

wFW10—final whorl fresh weight (mg), d10 12.8 (3.5–26.7) 22.8 (15–38.6)

RGR—relative growth rate based on wFW, (0–10 days) 20.4 (2.4–82.5) 24.6 (12.8–47.7)

sFW—shoot fresh weight (mg) 26.4 (9.1–55.4) 32.7 (18.9–60.7)

sL—shoot length (mm) 18.1 (5.96–32.1) 26.8 (12.6–41.3)

rFW—root fresh weight (mg) 39.5 (8.4–138.4) 103.8 (32.5–200.6)

rL—root length (mm) 38.2 (10.4–66.9) 140.3 (43.7–380)

rFW/sFW—root–shoot ratio (fresh weight) 42.9 (3–145.9)

rL/sL—root–shoot ratio (length) 33.4 (7.3–67.5)
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TEC and Serbian TV (or even PEC and Serbian MAC 
in samples K16 and L17). In general, based on chemical 
analysis the river Tamiš (T6–T14), Jegrička (J15), Krivaja 
(K16), L18 and L19 lake Ludaš sediments can be regarded 
as low to moderately contaminated, while the L17 Ludaš 
lake sediment can be regarded as highly contaminated 
due to high metal concentrations and mineral oil content 
(Table 4, Additional file 1: Table S2 and [36–39]).

The M. aquaticum contact tests of  natural sedi-
ments  Plant whorl RGRs in all natural sediments except 
one (L17) were lower compared to test control (Table 4 
and Additional file 1: Tables S2 and S3). If the threshold 

of 20% inhibition is applied, eight out of 14 natural sedi-
ment samples could be potentially classified as toxic com-
pared to test control (Table 4) and seven compared to the 
long-term laboratory control (Fig. 1 and Additional file 1: 
Table S3).

Additional growth parameters to standard RGR​
In artificial sediments, growth parameters followed the 
pattern of RGR responses (Table 3, Fig. 1 and Additional 
file 1: Table S3). In A1 and A2 samples (with 1% and 10% 
of organic matter, respectively), growth was impaired 
compared to control based on all growth parameters 
except for rL in A2. In artificial sediments with sand and 

Table 3  Inhibition values (%) based on  RGR and  other M. aquaticum growth parameters in  different formulations 
of artificial sediments

A1–A5 artificial sediments with different organic matter, sand silt and clay content. All artificial samples contained 1% CaCO3

↑Above the toxicity threshold ↓below the toxicity threshold

RGR, relative growth rate; wFW, whorl fresh weight at d10; sFW, shoot fresh weight; sL, shoot length; rFW, root fresh weight; rL, root length

*Significantly different from the corresponding test control (one-way ANOVA followed by t test, p ≤ 0.05)

Parameter Artificial sediments

A1 A2 A3 A4 A5

Inhibition based on growth parameters (I%)

 RGR​ 44.6* 45.3* − 31.5* − 16 − 5

 wFWd10 36.8* 33.6 − 39.9 − 15.6 1.03

 sFW 58.3 45.1 − 91.6* − 22.4 − 21

 sL 25.4 23.6 − 58.2* − 9 − 13.5

 rFW 11 42.2 − 84.8* − 82.5* 2.6

 rL 21.6 − 4.7 − 101.8* − 70.1* 13.4

M. aquaticum growth inhibition I% RGR​ above or below the 
toxicity threshold according to [13]

↑ ↑ ↓ ↓ ↓

 Sand, % 78 69 47 30 20

 Silt and clay, % 20 20 47 64 74

 Org. matter, % 1 10 5 5 5

Fig. 1  Myriophyllum aquaticum growth in tested sediments compared to the long-term laboratory control. a Relative growth rate based on whorl 
fresh weight, b shoot fresh weight, c root fresh weight (Samples A1–5: artificial sediments with various organic matter, sand and fine particle 
content. Natural samples: T6–14 river Tamiš; J15 river Jegrička; K16 river Krivaja; L17–19 lake Ludaš. RGR, relative growth rate based on whorl fresh 
weight. [*Significantly different from the long-term control (one-way ANOVA followed by t test, p ≤ 0.05)]. All data on plant responses compared to 
test control and the long-term control are available in Additional file 1: Table S3)
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clay variations (A3-A5) plant shoot and root growth was 
stimulated compared to control (except rFW and rL in 
A5—highest clay content).

In natural samples, inhibition compared to control of 
shoot fresh weight (sFW) and length (sL) was observed 
on one side and stimulation of root FW and L on the 
other, with a few exceptions (Table  4, Fig.  1 and Addi-
tional file  1: Tables  S2 and S3). Root–shoot ratio based 
on FW and L in the majority of the artificial and natural 
samples was higher than in the corresponding test con-
trol, as well as the long-term control (Additional file  1: 
Table S3).

Multivariate analysis
To better explain the relationship between M. aquaticum 
growth parameters and physico–chemical parameters 
analyzed in sediments and to distinguish between effects 
of non-toxic environmental factors and toxic substances 
in samples, a principal component analysis was carried 
out. Data included in the analysis are displayed in Addi-
tional file 1: Table S4.

Figure  2 shows relationships between observed vari-
ables—inhibitions or stimulations based on growth 
parameters and sediment physico–chemical parameters. 
The first two dimensions F1 and F2 explained 51.38% of 
the variability of the initial dataset (eigenvalues are shown 
in Additional file  1: Table  S5). According to correlation 
values (displayed in Table 5), inhibitions based on RGR, 
sFW and sL were strongly correlated between each other 
and with sand content, but also, a significant negative 
correlation was found between the same growth param-
eters and silt and clay content (correlation values were 
as follows: − 0.688; − 0.809 and − 0.663, respectively). 
For the presented data set, this suggests that as silt and 
clay increase, inhibition based on RGR, sFW sL decrease 
indicating that better plant growth (based on RGR, shoot 
FW and L) may be caused by higher silt and clay content 
in sediments. The PCA showed no significant correlation 
between rFW and small particles and sand content, while 
the correlation between rL and silt and clay content was 
significant (0.469). Root FW was more correlated with 
concentrations of As, Pb, Hg, aldrin, endrin and organic 
matter (OM) content (than to silt and clay content). Low 
and insignificant correlation values were found between 
the growth parameters on one side and heptachlor, hep-
tachlor epoxide, Cd, Pb and As on the other. A correla-
tion between OM content on one side and phenanthrene, 
fluoranthene, mineral oils, As, Pb and Hg on the other 
was also observed.

Figure  2 also shows relationships between sediment 
samples. Sediments A1, A2, J15 and K16 are grouped 
around high inhibition values based on root FW, while 
sediments A3, A4 and A5 are grouped around high values 

of silt and clay content. High arsenic concentrations and 
OM content are most prominent in samples L17–19. The 
Tamiš sediments (T6–T14) are grouped around high 
inhibition values based on RGR, sFW and SL.

Results of the best approximating generalized linear 
models (GLMs) are shown in Additional file 1: Table S6. 
The results of GLMs selection procedure suggested that 
growth inhibition based on RGR, wFW, sFW was affected 
by the content of sand and fine particles in sediments. A 
similar conclusion could be drawn regarding sL and rL; 
however, the low explanatory power of these models (low 
adjusted R-squared values) necessitates the caution when 
drawing conclusions. Additional environmental factors 
that significantly affected plant growth were organic 
matter content (for RGR, wFW and rFW inhibition), 4, 
4′-DDD (in the RGR model), aldrin (affected rFW) and 
4,4′-DDE (affected root L inhibition). The explanatory 
power of all final selected models (adjusted multiple 
R-squared) was between 0.63 and 0.17.

Discussion
The inherent variability of the Myriophyllum aquaticum 
sediment contact test
According to the ISO protocol [22], an average relative 
growth rate (RGR) based on whorl FW in controls (of sta-
tistical replicates with three plants per pot) at the end of 
the test should be ≥ 0.09 per day. An additional validity 
criterion RGR CV in control ≤ 15% is suggested based on 
the results of the International ring test [16, 22] and the 
proposed range of the initial whorl weight is aiming to 
minimize the variability of the plant material within con-
trols and treatments.

Results of the international ring test [16] showed that 
RGR is a robust and reproducible parameter: the average 
control response in 14 tests was 0.135 (0.106–0.2) and 
the average CV% was 7% (0.89–15.4%). However, from 21 
laboratories initially included, three failed to achieve the 
minimum RGR and four had difficulties with test perfor-
mance or laboratory conditions; hence, seven tests were 
excluded from the calculation of results of the inter-lab-
oratory test.

Our study provides data for 7 tests with an average 
test RGR 0.105 (ranging from 0.094 to 0.127) and CV% 
11.01% (ranging from 6.9 to 15.1%). Individual repli-
cate RGRs (n = 30) range from 0.079 to 0.149 and their 
average value and CV% is 0.106 and 15.04%, respec-
tively. Experience of the authors is that test validity cri-
teria for achieving an average RGR per test of minimum 
0.09 is easily achievable, but the inherent variability of 
this parameter (RGR CV% in controls) seems higher 
than 15% and in approximately 30% of cases may not be 
achieved without excluding outliers, which can influence 
result interpretation. Even with the exclusion of very few 
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outliers, thirty replicate control RGR values range from 
0.079 to 0.149 which is approximately 25% lower and 40% 
higher than the average test RGR value. Bearing this in 
mind, it would, perhaps, be more realistic not to expect 
such low natural variability of the plant’s RGRs which 
could also influence the minimum statistical difference of 
tests and consequently the setting of a toxicity threshold 
of the test.

The average MSD% of seven tests in this study (in tests 
with artificial as well as natural sediments) based on calcu-
lations of RGR was 24.6% ranging from 12.8 to 47.7%. Höss 
et al. [13] recorded a mean minimal detectable difference 
(MDD) 14.4% (9.2–20.1%) for M. aquaticum RGR in tests 
of sediments with low anthropogenic contamination. The 
MDDs in the international ring test, in tests with the ref-
erence substance (3,5-dichlorophenol) ranged from 5.5 to 
28.5% with one value (51.3%), excluded as an outlier, while 
in tests with natural sediments with nickel chloride MDDs 
ranged from 5.8 to 28.8%. It was concluded that the test 
system is able to significantly distinguish inhibitory effects 
of 12.9–15.1% on average and 27% at least. Feiler et al. [13] 
used a slightly contaminated natural sediment (instead of 

an artificial sediment) as a negative control in testing 21 
natural sediments and stated that the recalculation of the 
maximal tolerable inhibition had no influence on the tox-
icity threshold of 20%.

The sediment contact tests
Tests of artificial sediments with different OM, sand and clay 
content
Our study confirmed that the structure of sediments 
affects M. aquaticum growth and therefore may influ-
ence result interpretation in terms of toxicity of tested 
samples. Tests of artificial sediments (A1–A5) with dif-
ferent proportions of organic matter, silt and clay sig-
nificantly affected plant growth. Additionally, PCA and 
GLM showed a high correlation between the sediment 
structure and plant growth in artificial as well as natural 
sediment.

Test of natural sediments
Highest inhibitions of RGR (> 40%) in natural samples 
were recorded in T7, T8, T12 and T14 (45.4%–62.9%). In 
case of T7 and T8, impaired growth could be attributed 

Fig. 2  PCA based on M. aquaticum growth responses and physico–chemical parameters in sediments (Inhibitions based on RGR (I%)—relative 
growth rate, wFW (I%)—whorl fresh weight, sFW (I%)—shoot fresh weight, sL (I%)—shoot length, rFW (I%)—root fresh weight; A1–5: artificial 
sediments with different organic matter, sand and fine particle content. Natural samples: T6–14 Tamiš; J15 Jegrička; K16 Krivaja; L17–19 Ludaš)
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to high concentrations of Cd, Pb, Hg, As and mineral oil, 
but in T12 and T14, only heptachlor and mineral oil con-
tent was above the TEC and Serbian TV thresholds. In 
T12 and T14 Pb concentrations were elevated, but still 
under the threshold. The high growth inhibition in sam-
ple T12 could have been attributed to low OM content 
(2.07%).

Inhibitions in the range 30–40% were recorded in sam-
ples T6, T11 and T13. In those samples, concentrations 
of six, four and three hazardous chemicals were above 
the TEC threshold, respectively. Also, heptachlor epox-
ide and As were above the PEC threshold in T6 and T11, 
respectively. Inhibitions in T6 and T11 were statistically 
significant, while inhibition in T13 was not. Grain size 
distribution in these samples was similar, while OM con-
tent was lower in T6 and T11 (3.8% and 2.75%, respec-
tively) than in T13 (7.56%).

Inhibitions around 20% were recorded in samples T9, 
J15 and K16. In T9 and K16, the concentration of one haz-
ardous substance was above TEC and one above PEC, per 
sample. The River Jegrička is designated as a protected 
area and consequently does not receive any direct input 
of industrial effluents, while the buffer zones should suf-
ficiently protect the water body from agricultural runoff. 
However, the sample J15 (I = 20.8%) contained arsenic 
above TEC (close to PEC value) and organic pollutants, 
including several PAHs from the list of priority substances 
(Table 4, Additional file 1: Table S2 and [37]). If we apply 
the 20% toxicity threshold, this sample could be charac-
terized as toxic. When we compare the same sample to 
the long-term control, inhibition is below 20%. Accord-
ing to the available reports [38, 39], a huge pressure on the 
Krivaja river comes from waste waters and agricultural 
fields and sediments from some sites are typically charac-
terized by high mineral oil content and Ni concentrations. 
However, this time the chemical analysis did not include 
measuring of Ni in the K16 sample and the overall con-
tamination of the sediment seemed lower than expected.

Inhibitions lower than 6% were recorded for samples 
T10, L17, L18 and L19 where a higher inhibition would 
have been expected based on chemical analysis and, for 
the Ludaš samples, biodiversity analysis [39]. Based on 
the report [39] even the most tolerant benthic macroin-
vertebrates were absent from the Ludaš samples. Sample 
T10 contained four hazardous substances above TEC 
and one above PEC, but inhibition was only 4.8%. This 
sample, however, compared to other Tamiš samples con-
tained the highest OM content (8.54%). The only natural 
sediment sample that resulted with stimulation of RGR 
compared to test control was L17—the most toxic, based 
on chemical analysis.

Following the regulatory demands of Republic of Ser-
bia [35], metal concentration in samples and not their 

bioavailable fraction should be reported, although vari-
ous sediments may show different degrees of bioavailabil-
ity for the same total metal content [40]. In that context, 
it was not established whether measured concentrations 
of metals in samples were bioavailable to M. aquaticum 
and whether structural properties of samples (such as 
OM content, for example) influenced their bioavailabil-
ity. However, in some cases, low RGR inhibition (< 25%), 
which indicates non-toxic samples, was recorded in sam-
ples with high OM content (8–26.4%), as opposed to 
higher inhibitions in samples characterized by low OM 
content and higher content of fine particles. Sample T12, 
for example, did not contain a high number of pollutants 
but the OM content was around 2% and plant growth 
inhibition was 62.9%. High inhibition of growth (44.6%) 
was also recorded in the artificial sediment containing no 
hazardous substances and 1% peat (Table 3). Direct com-
parison of the results of the chemical analysis and sedi-
ment contact tests in T10 (I = 4.8%) and T11 (I = 34.9%) 
indicates that inherent sediment properties influence 
the bioavailability and, consequently, the toxicity of sed-
iment-bound pollutants. The higher OM content (8.54%) 
in T10 could have influenced the bioavailability of pol-
lutants resulting with low M. aquaticum growth inhibi-
tion, while T11 did contain slightly higher concentrations 
of metals than T10, but also lower OM content (2.75%). 
Further, high RGR values in Ludaš lake samples could 
have been due to high OM content and low bioavailabil-
ity of the present toxic substances, but they also could 
have been a result of higher silt and clay content that the 
test plant prefers.

Table 6 displays minimum and maximum values of M. 
aquaticum growth inhibitions, geochemical and chemical 
properties in natural sediment samples from Höss et  al. 
[13], Feiler et al. [15] and this study. The two cited stud-
ies applied a test battery consisting of a number of tests in 
assessment of: ten samples of freshwater sediments with 
low contamination [13] and 21 natural samples with a 
broad variety of anthropogenic contamination [15].

Concentrations of hazardous substances in the study 
[13] compared to our study were generally lower, while 
the structure variations were more evident. On the other 
hand, chemical contamination in natural samples from 
[15] was more pronounced and varied more compared to 
the samples from our study. Silt and clay content in our 
natural samples ranged from 8 to 28.4%, while it ranged 
from 36 to 97% and from 10.1 to 97.5% in the studies [13] 
and [15], respectively. Artificial sediments from our study 
varied from 20 to 74% in clay content and resulted with 
better growth of plants in samples with higher than 20% 
of clay.

Plant response in slightly contaminated samples 
in the study [13] ranged from a 23% stimulation to a 
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17% of inhibition of growth (inhibition was recorded 
in three of ten samples only, not significantly different 
from that in the control). M. aquaticum showed the 
highest growth rates in four samples (growth stimula-
tion was approximately 20% compared to control) with 
high content of silt and clay (71–97%), despite the slight 
contamination by metals. Additionally, the only sedi-
ment considered as moderately polluted was one of the 
samples with highest RGR. It was assumed that a part 
of the variability in slightly to moderately contaminated 
sediments is caused by structural properties of sedi-
ments implying that sediment natural characteristics 
can influence the interpretation of the results and con-
sequently sediment quality assessment. Plant responses 
in the study [13] could partially be attributed to the 
natural inherent variability of the tested organism, as 
well.

Twelve of the 21 tested samples in the study [15] con-
tained at least one hazardous substance above TEC 
and the upper threshold PEC, but only five samples 
resulted with growth inhibitions above 20%, two of 
which contained none of the substances above TEC. 
The highest inhibition (42.2%) was recorded in the sam-
ple with lowest silt and clay content (10.1%) which was 
the only sample with such low small particles content 

and that was the only recorded inhibition above 30%. 
However, according to their statistical analysis, struc-
tural properties of sediments did influence some of the 
organisms in the test battery, but the only variable that 
significantly related to the response of organisms was 
the toxic potential of organic chemicals. They also con-
cluded that plants responded more to metal contami-
nation than to other types of pollution.

Based on the results of the M. aquaticum sediment con-
tact test in the present and the cited studies, it seems dif-
ficult to distinguish between effects of sediment-bound 
pollutants and structural properties of samples and there-
fore sediment toxicity to the test organism. Since natural 
samples vary not only in toxic substance concentrations, 
but also in geochemical structure, growth of the tested 
plants may be influenced by structural properties of sedi-
ments, as well. The present study, as well as literature data, 
showed that M. aquaticum is able to grow well in sedi-
ments with high content of silt, clay and/or OM content 
even when concentrations of trace metals are elevated, 
probably due to their low bioavailability in such sediments. 
Therefore, sediment inherent properties might considera-
bly affect the sensitivity and reliability of the M. aquaticum 
sediment contact test. Thus, the addition of appropri-
ate field-collected natural uncontaminated controls to 

Table 6  Minimum and  maximum values of  M. aquaticum growth inhibitions, geochemical and  chemical properties 
of tested sediments in the present and cited studies [13, 15]

* Statistically significant compared to control
a  Measured only in T6–T14
b  Measured only in L17–L19

Höss et al. [13] Feiler et al. [15] Own data

Natural sed. Natural sed. Natural sed. Artificial sed.

Min. Max. Min. Max. Min. Max. Min. Max.

M. aquaticum growth inhibition 
(I% RGR​), %

− 23 17 − 6.4 42.2* − 3.8 62.9* − 31.5* 45.3*

Sand, % 1.7 62.1 1.7 89.7 45.3 83 20 78

Silt and clay, % 36.9 97 10.1 97.5 8 28.4 20 74

Organic matter, % 4.3 28 4.3 26.7 2.07 26.4 1 10

PCB sum, µg/kga 1.1 43 < 5 286 0 91.1

PAH Σ16 (US EPA), mg/kg < 1 5.3 < 1 509 / /

PAH Σ 9 [26], mg/kg / / 0.5 350 < 0.1 0.34

Mineral oils, mg/kg < 100 640 / / 0 5619

Cd, mg/kg < 0.3 0.4 < 0.3 33 0 3.34

Pb, mg/kg 0.5 53 7 480 0 104.3

Hg, mg/kg 0.01 0.58 0.04 96 0 2.47

As, mg/kg < 3 14 < 3 73 0 217

Ni, mg/kgb < 1 35 < 1 110 8.24 147.7

Zn, mg/kgb 1 205 19 4600 20.55 698.4

Cr, mg/kgb 1 53 4 156 13.03 1178

Cu, mg/kgb 1 58 4 3100 15.5 347
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standard artificial controls is recommended when avail-
able [28].

The number of analyzed pollutants in sediments tested 
in this study was limited; hence, plant growth could have 
been affected by the presence of non-identified pollut-
ants, as well. Plant protection products could have been 
key toxicants responsible for observed growth inhibi-
tions, bearing in mind the land use patterns in the vicinity 
of selected water bodies and high sensitivity of selected 
species to herbicides [41]. Similarly to our study, Feiler 
et  al. [42] recorded  insignificant M. aquaticum growth 
inhibition in a highly contaminated sample, growth stim-
ulation in slightly to moderately contaminated samples 
and high inhibition in the slightly contaminated sam-
ple. The conclusion was that key toxicants causing plant 
growth inhibition in the sample must have been her-
bicides undetectable by chemical screening due to fast 
degradation. Studies of Stešević et al. [43] and Planojević 
et  al. [44] attributed high inhibitions of M. aquaticum 
growth to very high concentrations of metals. It seems 
that M. aquaticum is sensitive to sediment contamina-
tion by trace metals and herbicides, but less sensitive to 
non-polar organic pollutants [13, 42–44]. Feiler et al. [15] 
applied a test battery consisting of five sediment contact 
tests (including the M. aquaticum test) and concluded 
that the chemical contamination of the tested sediments 
was in general proved by the test battery, but not by every 
single toxicity test applied in each sample. More impor-
tantly, they found that in sediments with low to medium 
chemical pollution, the toxicity was underestimated by 
the SQG approach.

Difficulties with result interpretation have been expe-
rienced in bioassays with invertebrate species as well. 
For example, de Deckere et al. [27] found that the Hya-
lella azteca sediment contact test (which is the only 
sediment contact tests applied in the Flemish monitor-
ing program) is applicable for distinguishing toxic from 
non-toxic sediments, but not useful in determining the 
level of toxicity. Additionally, the lack of available eco-
toxicological data for benthic organisms and plants 
hampers the development of environmental quality 
standards (EQS) for sediment [6].

Additional growth parameters
When methods in ecotoxicological testing are developed, 
a lot of effort is invested in finding the most appropriate 
endpoint, as it is not rare that an organism’s response to 
toxic stress varies depending on the parameter observed 
[41]. Usually, the most sensitive, ecologically relevant 
and least variable parameter is preferred and the relative 
growth rate of a parameter is favored over parameters 
measured only at the end of the test, since it takes into 

account the length of the test and makes comparisons 
between the sensitivity of different species and tests pos-
sible [28, 45].

High variability of root FW and L [average values 
34.2% and 44% in controls (n = 7) and 39.5% and 38.2% in 
tested sediments (n = 19)] could have been influenced by 
numerous adventitious roots that M. aquaticum devel-
ops. The high variability of shoot and root parameters 
also influenced root–shoot ratio variability. Knauer et al. 
[46] reported lower variability in root development: 23% 
in standard artificial substrate and 24% in natural con-
trols, but based on the length of the longest root only, in 
a single experiment with three replicates (seven plants 
per test pot). Hussner et al. [47] reported a lower range of 
root–shoot ratio (0.09–0.16) based on dry weight meas-
urements. Knauer et  al. [46] also recorded low CVs in 
uncontaminated natural sediments: 15 and 8% for final 
whorl FW and RGR, respectively. Our study did not show 
a consistently low variability for the same parameters in 
natural sediments with low contamination (Additional 
file 1: Tables S2 and S3).

The considerable root growth (> 100% stimulation ver-
sus control) in natural moderately and highly contami-
nated sediments in this study may be associated with 
inherent sediment properties such as fine particle or 
organic matter, as well as with concentrations of trace 
metals. Whorl and shoot growth stimulation was also 
observed in uncontaminated and slightly contaminated 
natural sediments compared to the artificial control sed-
iments by Feiler et  al. [42], Knauer et  al. [46] and Höss 
et  al. [13]. Values of root–shoot ratios in Knauer et  al. 
[46] were 4 and 4.3 in natural uncontaminated compared 
to standard artificial sediment, respectively, but this cal-
culation was based on the longest root only.

Root fresh weight reflects on the overall plant fresh 
weight, so the major root stimulation in the natural sam-
ples significantly affected the inhibition values of RGR 
compared to control. If root growth had not been stimu-
lated so much in the natural sediments, the overall plant 
growth inhibitions in samples would have been higher. 
This especially stands for Ludaš samples (L17–19). 
Results of tests of artificial sediments A1–A5 indicated 
that OM content does not affect root growth signifi-
cantly, but fine particle content does, since significant 
root growth stimulation happened in A3 and A4 samples 
with 47% and 64% (but not in sample with 74%) of fine 
particles. However, root growth was not stimulated in all 
natural samples with high percent of fine particles; so, no 
general causality of root stimulation and fine particles 
content was found (based on test results, as well as the 
PCA). Root FW was stimulated in Tamiš sediments with 
higher content of fine particles (8–15%) than in control, 
while it was not stimulated in samples J15 and K16 where 
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the content of fine particles was even higher (28.4 and 
23.7%, respectively). Nevertheless, root FW and L were 
extremely stimulated in three Ludaš samples where silt 
and clay content was 28.3, 25.4 and 21.4%, respectively.

Average MSD% values of tests in this study based on 
whorl FWd10, sFW and sL (22.8, 32.7 and 26.8%, respec-
tively) were relatively close to the MSD% of tests based 
on RGR (24.6%) and could be considered relatively low. 
Additionally, shoot and root growth (based on FW and 
L basis) showed an interesting pattern in the majority of 
the tested natural sediments compared to control (stim-
ulation of root growth opposed to inhibition of shoot 
growth). Results also indicated that root growth may be 
stimulated in sediments with higher silt and clay content. 
Nevertheless, analysis of additional parameters did not 
help in differentiating between the impact of sediment-
bound substances and inherent sediment properties and 
because of that their use is not essential.

Conclusions and recommendations
The M. aquaticum sediment contact test was not devel-
oped and intended to be applied as a stand-alone tool but 
as one of the toxicity tests applied in concert, as a line of 
evidence in the weight of evidence approach in sediment 
assessment. Acknowledging that, the following conclu-
sions and recommendations derive from the results of 
the present study.

As this study showed that sediment structure has a sig-
nificant impact on plant growth, the use of adequate con-
trol sediments might be crucial. To avoid false-positive 
but also false-negative results of the contact test, it can be 
recommended to compare RGRs recorded in test samples 
not only to the corresponding standard test control, but 
also to the long-term average laboratory control. Other 
negative controls recommended for use are uncontami-
nated natural samples and modified standard artificial 
sediments. Since uncontaminated natural control sedi-
ments are not often available, it would be beneficial to 
prepare appropriate alternative laboratory control sedi-
ments and include them in tests along with the standard 
control. The additional control should be more similar 
to tested natural sediments in structure to minimize the 
difference between general environmental conditions 
in tested and control sediments and raise the ecological 
realism and reliability of the test.

If the aim is to interpret test results as accurately as 
possible, the inherent variability of the standard endpoint 
relative growth rate based on whorl FW should be taken 
into account. Applying the stringent toxicity threshold 
of 20% is not always advisable. Based on the minimum 
and maximum values of the replicate RGRs in this study 
that correspond to a ± 25–40% difference compared to 
the average test control value (0.105) and the average 

replicate control value (0.104), MSD% of tests might be 
generally higher than expected and re-evaluating the tox-
icity threshold might be of interest. Our findings lead to 
the recommendation that the threshold value is accepta-
ble to declare toxicity of a sample, provided it was accom-
panied with proven statistical significance of difference 
between test and the control RGR values obtained by 
powerful and sensitive statistical test with MSD (%) val-
ues preferably < 25%.

The use of RGR plant whorl FW seems to be an ade-
quate parameter in the M. aquaticum sediment contact 
test, since it proved to have acceptable variability and 
reproducibility. The analysis of other growth parameters 
revealed a particular growth pattern and gave an insight 
into plant growth in artificial and natural samples, but 
did not help in differentiating between the impact of 
sediment-bound substances and inherent sediment prop-
erties. The analysis of growth responses other than the 
standard parameter may, therefore, not be reasonable, 
especially bearing in mind their higher variability and 
usually higher MSD% in tests when statistical analysis is 
based on them.

In conclusion, the ecological relevance of the Myrio-
phyllum aquaticum sediment contact test is high, since 
the rooted plant has direct contact with the sediment. The 
test is robust and easy to conduct, suitable for screening 
and assessment of natural potentially contaminated sedi-
ments. However, to make a test more fit for purpose, the 
interpretation of the results must acknowledge the com-
plexity of experimental set-up and the influence of sedi-
ment structural properties on plant growth. The results 
of this study might contribute to the wider application of 
the M. aquaticum sediment contact tests, in line with the 
ongoing initiatives to implement the effect-based meth-
ods to link the ecological and chemical status of waters 
under the Water Framework Directive and minimize the 
danger of overlooking risk from unmeasured hazardous 
substances and chemical mixtures.
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