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a  b  s  t  r  a  c  t

During  past  decades,  biomonitors  were  deployed  in  lakes  and  rivers  to  rapidly  detect  hazardous  chemi-
cals by  measuring  the  endpoints  of a  single  aquatic  species  at defined  short  intervals.  Most  biomonitors,
however,  are  only  capable  of indicating  a  departure  from  baseline  water  conditions  without  identifying
the  cause.  In  order  to provide  a more  comprehensive  assessment,  a biomonitoring  system  which  features
a  library  of  stereotyped  responses  of  multiple  aquatic  species  in  various  water  conditions  is  proposed.
A  preliminary  library  was  constructed  by  characterizing  the  behavioural  and  physiological  responses
of  Daphnia  magna,  Hyalella  azteca,  Lumbriculus  variegatus,  and  Pseudokirchneriella  subcapitata  to  various
WBS
ater quality assessment

apid biotests
rincipal component analysis
iscriminant analysis

concentrations  of  atrazine  and  tributyltin.  By  employing  multivariate  statistical  tools  such as  principal
component  analysis  (PCA)  and  discriminant  analysis,  this  library  (which  contained  responses  after  6  h
of exposure  to  contaminants)  was  used  as  a  template  to classify  and  to  model  other  sets  of  earlier  mea-
surements  at  2 and  4 h,  resulting  in  an  accuracy  of  73  and  97%, respectively.  These  findings  demonstrated
the  potential  capability  of  the  proposed  early-warning  biomonitoring  system  to provide  real-time  water
quality  assessment  and  early-warning  contaminant  detection.
. Introduction

The establishment of municipalities, farmlands, and industrial
ites near freshwater bodies has increased the risk of chemical con-
amination in North American lakes and rivers. Based on a survey
onducted among 153 water providers in the United States and
anada, transportation accidents, pipeline and storage tank leaks,
esticides from agricultural runoffs, and pathogenic microbes from
ntreated sewage were the most common causes of water contam-

nation [1].  In Ontario, Canada, alone, 1162 spills into the aquatic
ystems were reported in 2009, of which, 595 cases were confirmed
o have caused a significant environmental impact [2].  Although
ar less likely, another threat to freshwater supplies includes the
eliberate release of harmful chemicals, microbes, and radioactive

aterials into the aquatic system. To mitigate the above risks, the
nited States Environmental Protection Agency [3] recommended

nstalling early-warning systems equipped with online sensors to
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304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.03.064
© 2012 Elsevier B.V. All rights reserved.

rapidly detect any harmful agents including chemical contami-
nants. Current chemical sensors, however, are still facing a number
of technological and logistical limitations which include the inabil-
ity to detect a broad range of contaminants [4,5], and thus water
safety assessments often must be conducted in off-site facilities and
not in real-time.

To supplement the shortcomings of current chemical-sensing
technologies, aquatic organisms can be employed as components
of an online monitoring system to detect the presence of harmful
contaminants. Similar to a miner’s canary, these organisms dis-
play rapid changes in their physiological and behavioural endpoints
when exposed to sub-acute, fast-acting toxicants [6].  When the
endpoints exhibit statistically-significant departures from base-
line conditions, a warning alarm is raised to notify water safety
operators of the situation, and appropriate corrective actions can
be carried out. Many endpoint-monitoring technologies have been
recently developed, and comprehensive review of these technolo-

gies is published elsewhere [4].  Various studies have also evaluated
the use of fish [5,7,8],  cladocerans [9–12], bivalves [13–16],  and
algae [17–20] for implementation in various biomonitoring sys-
tems. While these studies demonstrated the sensitivities of the

dx.doi.org/10.1016/j.jhazmat.2012.03.064
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mmehrvar@ryerson.ca
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and tributyltin at <0.010 mg/L had no rapid observable effects on
organisms, as well as based on environmental relevant levels. For
atrazine, the highest values in the US are recorded in waters from
the “corn belt” and they can reach 20 �g/L [24] and for tributyltin,

Table 1
Three distinct water conditions according to the type of treatment applied to each
replicate.

Condition Basis for establishing condition

Reference condition Endpoints measured in dechlorinated tap water only
Endpoints measured in dechlorinated tap water with
the addition of 0.1% (v/v) dimethyl sulfoxide

Contamination by
tributyltin

Endpoints measured in tributyltin solutions with the
addition of 0.1% (v/v) dimethyl sulfoxide. Test
solutions were prepared at concentrations of 0.010,
0.050 and 0.100 mg tributyltin per litre of
dechlorinated tap water.
6 A. Maradona et al. / Journal of Haza

rganisms and their quick response times to different contami-
ants, the aforementioned experiments only tested one type of
rganism in their respective biomonitoring system. An effective
arly-warning system cannot rely solely on one species because
ifferent organisms may  exhibit varying levels of sensitivity to
he same contaminant [21,22]. A particular species may also be
verly sensitive to natural variations in water quality, as previ-
usly reported, where a heavy rainfall prompted an alarm in a
ladocerans-based biomonitoring system [12]. Based on the above
emarks, a single-species biomonitoring system could potentially
nderestimate or overestimate the risks of certain toxicants.

To address the problems associated with single-species biomon-
tors, some water-monitoring stations in Germany and the
etherlands have installed several biomonitors covering multiple
quatic species of various trophic levels [23]. By relying on numer-
us species, a more robust system which minimizes the chance
f false positives or false negatives could be established. Different
ontaminants may  also elicit a unique response from each biomon-
toring organism, and a study analyzing the various patterns of
esponses could potentially allow the identification of unknown
ontaminants. Despite the system redundancy at these monitoring
tations, however, there has been no scholarly-reviewed publi-
ation which thoroughly describes the management of several
iomonitors (e.g. if a spill alarm is registered by one biomonitor
ut not the others) or any work which seeks to characterize the
esponses of these biomonitoring organisms to different contam-
nants. As a result, there is a lack of understanding on managing
omplex response data from multiple biomonitors, and current
iomonitoring technologies are still limited by the inability to iden-
ify any detected contaminants.

In the present study, a model for integrative, multi-species,
arly-warning biomonitoring system (EWBS) was developed. An
ssential feature of this proposed system was the establishment
f a library database which contained the stereotyped responses
f multiple aquatic organisms to several contaminants. A prelimi-
ary library of responses was created by tabulating the responses
f Pseudokirchneriella subcapitata, Daphnia magna,  Hyalella azteca,
nd Lumbriculus variegatus to multiple concentrations of the her-
icide atrazine and the pesticide tributyltin. Atrazine is typically
pplied in North American croplands to control the growth of
nwanted weeds, but some improper agricultural practices and
un-offs have caused the contamination of various surface and well
aters across Canada and the United States [24,25]. Conversely,

ributyltin is a biocide and anti-fouling component found in the
aints of many boats, cargo ships and other floating structures, and
he widespread use of this chemical had resulted in contamina-
ion of various ecosystems at concentrations exceeding chronic and
ven acute toxicity levels [26,27]. By characterizing the responses of
elected organisms to atrazine and tributyltin and creating a library
f responses, the proposed EWBS could provide a method for man-
ging multiple biomonitors as well as a water-surveillance system
or detecting and identifying various environmental contaminants.

. Materials and methods

.1. Aquatic organisms

.1.1. Daphnia magna, Hyalella azteca and Lumbriculus
ariegatus cultures and bioassays

The procedures for culturing and testing D. magna,  H. azteca and

. variegatus were outlined in greater detail in the previous study
22]. The procedures for culturing and conducting D. magna and H.
zteca bioassays were conducted following Environment Canada’s
rotocol and will not be reiterated here [22,28,29].  The water
 Materials 219– 220 (2012) 95– 102

temperature was maintained between 18–20 ◦C throughout the
entire culturing and experiments.

For the bioassay, the organisms were placed in a beaker con-
taining 150 mL  of test solution, and silica sand for H. azteca and L.
variegatus, and a digital video recorder (Canon S515) documented
the entire experiment. The recording was then manually reviewed
to count the percentage of organisms exhibiting stressed endpoints
such as (i) a change in swimming height, (ii) looping or twirling
behaviour, (iii) a change in body orientation, (iv) immobilization,
(v) the use of secondary antennae, and (vi) a change in swimming
style for D. magna; (vii) a change in swimming height, (viii) immobi-
lization, (ix) burrowing, (x) grouping, (xi) shortening in body length,
and (xii) a change in body orientation during swimming for H.
azteca; and (xiii) abnormal behaviours, (xiv) immobilization, (xv)
shortened body length, (xvi) a change in body orientation, and (xvii)
abnormal group movements for L. variegatus.  These 17 behavioural
stress responses were evaluated in a previous trial and found to be
the most sensitive as well as most reliable in indicating atrazine
and tributyltin contaminations [22]. Endpoint measurements at 2,
4, and 6 h were then used for the present study. The age of the daph-
nids was less than 24 h old, where all ecotoxicological assays use
neonates.

2.1.2. Pseudokirchneriella subcapitata cultures and bioassays
The procedures for growing and conducting P. subcapitata bioas-

says are outlined in a previous study [30]. Algal cultures were
cultured aseptically in a medium modified from Environment
Canada [31]. For the algal bioassay, test solutions were prepared
in 250-mL Erlenmeyer flasks, each containing 50-mL aliquots of P.
subcapitata cultures undergoing an exponential growth phase and
at a concentration of ∼1.25 × 106 cells/mL. The water temperature
was maintained between 18 to 20 ◦C throughout the entire cultur-
ing and experiments. Using a peristaltic pump, the test solution was
fed into a pulse amplitude modulation fluorometer (Algae Online
Monitor AOM 2800, Photon Systems Instruments, Czech Repub-
lic) to measure the effective photosynthetic yield at 2, 4, and 6 h.
This endpoint supplemented the previously described endpoints,
bringing the total number of endpoints to 18.

2.2. Test contaminants

To simulate in situ contamination by either tributyltin or
atrazine, a series of test solutions were prepared for the bioassays.
Tributyltin and atrazine solutions were prepared at concentrations
as outlined in Table 1. These concentrations were selected based
on their sensitivities, where atrazine at concentration <0.005 mg/L
Contamination by
atrazine

Endpoints measured in atrazine solutions with the
addition of 0.1% (v/v) dimethyl sulfoxide. Test solutions
were prepared at concentrations of 0.005, 0.050 and
0.100 mg  atrazine per litre of dechlorinated tap water.
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Fig. 1. Principal component analysis was applied on the data set in the 

ighest values in water are about 0.5 �g/L [32]. In order to increase
he solubility of both chemicals in the tap water, dimethyl sulfox-
de (DMSO), as a carrier, at a concentration of 0.1% (v/v) was added
nto each test solution without significantly affecting the organisms
s previously reported [22,33–35].  Based on the above procedures,
hree distinct water conditions were established for the current
tudy as highlighted in Table 1.

.3. Statistical methods to establish and test the library of
esponses

In summary, a total of 18 endpoints were measured in the refer-
nce and two stressed conditions. The selected organisms displayed
tatistically significant departures from reference condition after

 h of exposure to the contaminants [30]. Based on this finding, the

easurements at 6 h could be designated as a library of responses,

r a template against which other measurements were assessed.
rior to establishing the library of responses, however, the data
ust be transformed to process experimental noise and manage
t study to reduce data-dimensionality and reveal underlying patterns.

large variances in some endpoints. A statistical method known
as principal component analysis (PCA) reduces a large number
of possibly-correlated variables into a smaller set of independent
variables, or principal components [36]. By applying PCA to all mea-
surements, the 18 variables (endpoints) were transformed into 2
new principal components which minimized any variable interde-
pendencies and highlighted the greatest variance in the dataset.
All calculations were performed using a MATLAB package (Version
7.7.0.471 (R2008b), MathWorks), and the following steps describe
the procedure as also illustrated in Fig. 1:

1. The endpoint data measured at t = 6 h were arranged into a 30-
by-18 matrix where each column represented an endpoint and
each row corresponded to a replicate (12 total replicates for ref-

erence condition, 9 for atrazine experiments, and 9 for tributyltin
experiments).

2. To reduce any bias introduced by variables of larger magnitudes,
mean-centering was applied by subtracting each data point by
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Table 2
Mean and standard deviation of the percentages of D. magna exhibiting various stressed endpoints after 6 h in the test solutions. Experiments were conducted in triplicates,
and  five organisms were used for each replicate.

Treatment Changing
swimming height

Spinning Changing body
orientation

Immobilized Using secondary
antennae

Changing
swimming style

Dechlorinated tap water 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Dechlorinated tap water with 0.1% (v/v) DMSO 0 ± 0 a6 ± 10 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Tributyltin (0.010 mg/L) 87 ± 12 40 ± 20 a27 ± 31 47 ± 12 47 ± 12 60 ± 20
Tributyltin (0.050 mg/L) 100 ± 0 a13 ± 23 20 ± 20 53 ± 12 73 ± 12 80 ± 20
Tributyltin (0.100 mg/L) 100 ± 0 a47 ± 50 40 ± 20 60 ± 0 73 ± 12 80 ± 20
Atrazine (0.005 mg/L) b87 ± 23 27 ± 23 33 ± 30 a20 ± 35 a20 ± 35 60 ± 0
Atrazine (0.050 mg/L) 87 ± 12 33 ± 23 53 ± 12 73 ± 12 67 ± 12 100 ± 0
Atrazine (0.100 mg/L) 100 ± 0 13 ± 23 73 ± 12 80 ± 20 80 ± 20 100 ± 0

a Range extended below 0% indicating statistically-insignificant deviation from reference conditions.
b Range extended above 100% signifying large variance among replicates.

Table 3
Mean and standard deviation of the percentages of H. azteca exhibiting various stressed endpoints after 6 h in the test solutions. Experiments were conducted in triplicates,
and  five organisms were used for each replicate.

Treatment Changing
swimming height

Immobilized Burrowing Changing grouping
behaviour

Shortening body
length

Changing body
orientation

Dechlorinated tap water a3 ± 8 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Dechlorinated tap water with 0.1% (v/v) DMSO a3 ± 8 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Tributyltin (0.010 mg/L) b93 ± 12 73 ± 23 27 ± 23 13 ± 23 60 ± 20 20 ± 0
Tributyltin (0.050 mg/L) 100 ± 0 80 ± 0 0 ± 0 33 ± 31 73 ± 12 a13 ± 23
Tributyltin (0.100 mg/L) 100 ± 0 100 ± 0 67 ± 31 60 ± 20 100 ± 0 20 ± 20
Atrazine (0.005 mg/L) b93 ± 12 b93 ± 12 60 ± 20 87 ± 12 b93 ± 12 0 ± 0
Atrazine (0.050 mg/L) b93 ± 12 b93 ± 12 67 ± 31 80 ± 20 100 ± 0 a7 ± 12
Atrazine (0.100 mg/L) 100 ± 0 100 ± 0 80 ± 20 b93 ± 12 b93 ± 12 a13 ± 23

eferen
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a Range extended below 0% indicating statistically-insignificant deviation from r
b Range extended above 100% signifying large variance among replicates.

the mean across each dimension, resulting in a modified matrix
with a mean of zero for each endpoint.

. An 18-by-18 covariance matrix was calculated based on
the mean-centered matrix in Step 2. This covariance matrix
described the linear relationships among all 18 variables.

. Using the covariance matrix, unit eigenvectors and eigenvalues
were calculated. In order to reduce the data set from 18 variables
to 2 variables, two eigenvectors with the largest eigenvalues
were selected.

. A matrix multiplication was applied between the original data
set and the 2 eigenvectors in Step 4, resulting in a newly trans-
formed library of responses.

Ideally, blind experiments would be conducted next where the
uite of organisms is exposed to one of the two  contaminants
nd the observed responses are then compared to the library of

esponses to deduce the unknown contaminant. Due to a num-
er of logistical limitations, however, such experimental set up
ould not be conducted in the present study, and thus measure-
ents from 2 and 4 h were analyzed instead. By applying another

able 4
ean and standard deviation of the percentages of L. variegatus exhibiting various stressed

nd  ten organisms were used for each replicate.

Treatment Displaying
abnormal
behaviour

Immob

Dechlorinated tap water 0 ± 0 0 ± 0 

Dechlorinated tap water with 0.1% (v/v) DMSO 0 ± 0 0 ± 0 

Tributyltin (0.010 mg/L) b78 ± 39 a11 ± 19
Tributyltin (0.050 mg/L) 100 ± 0 23 ± 10
Tributyltin (0.100 mg/L) 100 ± 0 51 ± 16
Atrazine (0.005 mg/L) 67 ± 29 a7 ± 12
Atrazine (0.050 mg/L) b83 ± 29 7 ± 6 

Atrazine (0.100 mg/L) 100 ± 0 10 ± 10

a Range extended below 0% indicating statistically-insignificant deviation from referen
b Range extended above 100% signifying large variance among replicates.
ce conditions.

statistical technique called discriminant analysis (DA), each obser-
vation from 2 and 4 h was  assigned into one of the three conditions
outlined in Table 1 by using the library as a template. The accu-
racy of this set up was  then determined based on the number of
correctly classified data points.

3. Results and discussion

3.1. Endpoint variation in response to atrazine and tributyltin

Average endpoint measurements for the aquatic organisms after
6 h of exposure in the test solutions are shown in Tables 2–5.
The invertebrates exhibited minimal stressed behaviour in dechlo-
rinated tap water with and without DMSO. When exposed to
atrazine or tributyltin, however, the invertebrates reacted by

rapidly changing their behavioural endpoints with some organ-
isms showing more sensitivity to one of the two  contaminants.
For example, higher percentages of H. azteca contracting their body
length were found in test solutions containing atrazine, while more

 endpoints after 6 h in the test solutions. Experiments were conducted in triplicates,

ilized Shortening body
length

Changing body
orientation

Moving within
groups

0 ± 0 0 ± 0 0 ± 0
0 ± 0 a2 ± 4 0 ± 0

a6 ± 10 a6 ± 10 a35 ± 40
 35 ± 9 35 ± 9 a11 ± 19

 83 ± 14 28 ± 5 89 ± 10
a10 ± 17 0 ± 0 27 ± 6
21 ± 12 0 ± 0 10 ± 0

b53 ± 50 0 ± 0 10 ± 10

ce conditions.
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Table 5
Mean and standard deviation of the initial and final effective photosynthetic yield
of  P. subcapitata. Experiments were conducted in triplicates, and a concentration of
∼1.25 × 106 cells/mL was  used.

Treatment Effective
photosynthetic
yield at t = 0 h

Effective
photosynthetic
yield at t = 6 h

Dechlorinated tap water 14 ± 1 24 ± 1
Dechlorinated tap water

with 0.1% (v/v) DMSO
14 ± 1 21 ± 1

Tributyltin (0.010 mg/L) 15 ± 1 19 ± 1
Tributyltin (0.050 mg/L) 15 ± 1 20 ± 1
Tributyltin (0.100 mg/L) 16 ± 1 19 ± 1
Atrazine (0.005 mg/L) 15 ± 1 13 ± 2
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Fig. 2. Distribution of the library of responses, or transformed endpoint measure-
ments of D. magna, H. azteca,  L. variegatus,  and P. subcapitata after 6 h incubation
Atrazine (0.050 mg/L) 13 ± 1 9 ± 1
Atrazine (0.100 mg/L) 15 ± 1 7 ± 2

. variegatus were immobilized when placed in test solutions con-
aining tributyltin.

The link between the mechanism of uptake for the two  contami-
ants and the immediate sub-acute responses by the test organisms
as still largely unknown, but the range in responses could be

ttributed to a number of factors. First, a structural difference in
he outer skeletons of the organisms could potentially lead to dif-
erent uptake rates for the two contaminants which then resulted
n different reaction severities. Trimble and Lydy [37] noted some
ariation in the responses of H. azteca and the nematoceran fly
arvae Chironomus tentans when subjected to atrazine and other
rganophosphorous insecticides, and the exoskeleton hardness of
ach organism was hypothesized as a possible cause. Similarly, in
he current study, the highly-calcified exoskeletons of the H. azteca
ould have a different permeability than the hydrostatic skeleton

f the L. variegatus,  and this structural difference may  explain the
ariation in stress response. Another possible factor causing the
iverse reactions was the modes of action of each chemical. Ren
t al. [34,35] found some variation in the behavioural responses
f D. magna in experiments with deltamethrin, chlorothalonil, and
itrofen, where a neurotoxic stressor such as deltamethrin elicited

 more prompt reaction but the cytotoxic chlorothalonil and nitro-
en resulted in a more gradual impairment. It was postulated that
he two test contaminants in the present study could have exerted
heir toxicities differently on the selected aquatic organisms as
ell, resulting in distinct reactions in the endpoints of D. magna,
. azteca,  and L. variegatus.

Contrary to the varying sensitivities among the invertebrates
o the two contaminants, the green algae P. subcapitata indicated

 predominant susceptibility to atrazine than tributyltin. Atrazine,
lassified as a herbicide, is known to inhibit the electron transport
echanism of photosystem II in aquatic plants which would then

ffect the photosynthetic yield of the algae, or the ratio of absorbed
ight energy for chemical synthesis versus the energy released in
he form of heat and radiation or fluorescence [38,39]. A decreased
alue in photosynthetic yield indicates that the plant cell is under
tress from a contaminant which affected its physiological state.
n examination of Table 5 revealed that P. subcapitata cultures

n dechlorinated tap water exhibited an increase of ∼10% in their
ffective photosynthetic yields over a period of 6 h as the algal cul-
ures were in their active growing phase. Exposure to DMSO and
ributyltin solutions slightly reduced the rate of increase, result-
ng in a rise of between 4 to 7% after 6 h. When exposed to atrazine,
owever, the green algae produced noticeably lower values of pho-
osynthetic yield, with a replicate exhibiting a decrease of ∼7%. An
nverse relationship was also observed between the concentration

f atrazine and the photosynthetic efficiency of the algae, where
igher concentrations of the chemical caused a larger reduction

n the effective photosynthetic yield. A one-way analysis of vari-
nce comparing the effective photosynthetic yields in reference
for experimental conditions outlined in Table 1. Each test condition elicited unique
sets of reactions among the organisms, resulting in well-separated groups of data
points.

condition and each of the test solutions at 6 h revealed p-values
of less than 0.05, indicating a greater than 95% probability that the
addition of either contaminants had significantly influenced the
physiology of the algal cells. Since drinking water reservoirs are
characterized by very low suspended solids, the effect of turbidity
was neglected in this study.

3.2. Establishment of a library of responses using PCA

PCA was  applied to the library of responses to reduce the number
of variables from 18 to 2. A graphical representation of the trans-
formed library is shown in Fig. 2. An inspection of the eigenvalues
revealed that the first and second principal components accounted
for 78.3 and 6.5% of the total variance, respectively, resulting in
a combined sum of almost 85%. This combined sum agreed with
the recommendations of Jackson [40], which suggested the total
accounted variance to be at least 80%.

Fig. 2 further highlights the distinct set of endpoints exhib-
ited by the organisms in response to different water conditions
as three clusters of data points could be observed and matched
to the conditions listed in Table 1. Reference condition, referring
to the endpoints measured in dechlorinated tap water with and
without the addition of DMSO, formed a tight cluster to the left of
the origin because the organisms exhibited very small changes in
their endpoints. Conversely, stressed conditions resulted in data
points located to the right of the origin, with experiments con-
ducted in solutions containing atrazine and tributyltin producing
data points above and below the Principal Component 1 (PC1) axis,
respectively. The data points also showed a general drift toward
the positive PC1 direction as the concentration of each contaminant
was increased. These findings reiterated the capability of multiple
aquatic species to produce unique patterns of responses to different
contaminants, and a library of responses containing this informa-
tion could be used to identify other sets of measurements.

3.3. Data classification using DA

As previously elaborated, blind experiments were not available

for the present study, and thus a set of measurements at 2 and
4 h were tested instead. Figs. 3 and 4 display the distribution of the
measurements at 2 and 4 h, respectively, as compared to the library
of responses. Since the library contained two  boundary conditions
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Fig. 3. Plot of the endpoint measurements at 2 h against the library of responses
(see Table 6 for the description of each data point). After 2 h of exposure to atrazine
or  tributyltin, the organisms started to exhibit changes in their endpoints with more
apparent deviations seen at higher contaminant concentrations.

Fig. 4. Plot of the endpoint measurements at 4 h against the library of responses
(see Table 7 for the description of each data point). After 4 h of exposure to atrazine
o
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Table 6
Results of discriminant analysis for each data point in Fig. 3 (endpoint measurements
at  t = 2 h) by using the library of responses as template. An overall accuracy of 73%,
or 22 correct classifications out of 30 observations, was achieved.

Data point Actual condition Classified condition

1 Dechlorinated tap water Reference condition
2 Dechlorinated tap water Reference condition
3  Dechlorinated tap water Reference condition
4  Dechlorinated tap water Reference condition
5  Dechlorinated tap water Reference condition
6 Dechlorinated tap water Reference condition
7 Dechlorinated tap water

with DMSO
Reference condition

8  Dechlorinated tap water
with DMSO

Reference condition

9  Dechlorinated tap water
with DMSO

Reference condition

10 Dechlorinated tap water
with DMSO

Reference condition

11 Dechlorinated tap water
with DMSO

Reference condition

12 Dechlorinated tap water
with DMSO

Reference condition

13 Tributyltin at 0.010 mg/L *Reference condition
14 Tributyltin at 0.010 mg/L *Reference condition
15 Tributyltin at 0.010 mg/L *Reference condition
16 Tributyltin at 0.050 mg/L *Reference condition
17 Tributyltin at 0.050 mg/L *Reference condition
18 Tributyltin at 0.050 mg/L Contamination by tributyltin
19  Tributyltin at 0.100 mg/L Contamination by tributyltin
20  Tributyltin at 0.100 mg/L *Contamination by atrazine
21 Tributyltin at 0.100 mg/L Contamination by tributyltin
22 Atrazine at 0.005 mg/L Contamination by atrazine
23  Atrazine at 0.005 mg/L *Reference condition
24 Atrazine at 0.005 mg/L Contamination by atrazine
25  Atrazine at 0.050 mg/L Contamination by atrazine
26  Atrazine at 0.050 mg/L Contamination by atrazine
27  Atrazine at 0.050 mg/L *Contamination by tributyltin
28 Atrazine at 0.100 mg/L Contamination by atrazine
29 Atrazine at 0.100 mg/L Contamination by atrazine

inants within 2–4 h of exposure by using 18 behavioural and
r  tributyltin, most organisms started to display statistically-significant changes in
heir endpoints with magnitudes resembling values in the library of responses.

here the endpoints were closer to 0% in non-stressed conditions
reference condition) and approaching 100% at highly-stressed con-
itions, any measurements conducted between 0 and 6 h would
esult in data points falling in between the two extremities. Many
f the measurements at 2 h were situated closer to the reference
ondition because the organisms were still reacting to the contam-
nants as shown in Fig. 3. As the bioassay progressed to 4 h, however,
he organisms were starting to exhibit stressed responses, result-
ng in a data point distribution which more closely resembled the
ibrary of responses.

Tables 6 and 7 summarize the results of classifying the mea-
urements in Figs. 3 and 4, respectively, by using the library of
esponses as training set. For measurements at 2 h, 100% of the

eference conditions were correctly identified, while only 33% of
he tributyltin contaminations and 78% of the atrazine contami-
ations were properly classified, resulting in an overall accuracy
30  Atrazine at 0.100 mg/L Contamination by atrazine

* Incorrectly classified data point.

of 73%. The majority of misclassifications occurred at low contami-
nant concentrations, and an inspection of the raw data revealed that
many of these incorrectly-assigned measurements highly resem-
bled the reference condition because the contaminants had not yet
significantly affected the organisms [22,30].  As the bioassay pro-
gressed to 4 h, the stressed responses of the organisms became
more apparent, and the accuracy of the library improved as shown
in Table 7. After 4 h of incubation, 29 out of 30 measurements
were correctly classified, resulting in an overall accuracy of 97%.
The misclassified measurement was  observation number 30 where
a contamination by atrazine was incorrectly designated as a con-
tamination by tributyltin. Despite this error, observation number
30 was still classified as a non-reference condition which would
nonetheless trigger a warning alarm in an actual situation and sub-
sequently alert the water safety operators to execute any remedial
action.

3.4. Future development and automation of the multi-species
biomonitoring system

The use of multiple aquatic organisms enabled the charac-
terization of various behaviours in different water conditions.
The model in the present study had demonstrated the capability
to detect and resolve with high accuracy 2 different contam-
physiological endpoints from 4 aquatic organisms. Currently, no
published single-species biomonitor study to the best knowledge
of the authors had accomplished such feat, and thus this finding
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Fig. 5. Preliminary setup of the proposed early-warning biomonitoring system. An X on th
evaluated against the library of responses (represented by the square data points in the s

Table 7
Results of discriminant analysis for each data point in Fig. 4 (endpoint measurements
at  t = 4 h) by using the library of responses as template. An overall accuracy of 97%,
or 29 correct classifications out of 30 observations, was  achieved.

Data point Actual condition Classified condition

1 Dechlorinated tap water Reference condition
2  Dechlorinated tap water Reference condition
3  Dechlorinated tap water Reference condition
4 Dechlorinated tap water Reference condition
5  Dechlorinated tap water Reference condition
6 Dechlorinated tap water Reference condition
7  Dechlorinated tap water

with DMSO
Reference condition

8  Dechlorinated tap water
with DMSO

Reference condition

9  Dechlorinated tap water
with DMSO

Reference condition

10 Dechlorinated tap water
with DMSO

Reference condition

11 Dechlorinated tap water
with DMSO

Reference condition

12 Dechlorinated tap water
with DMSO

Reference condition

13 Tributyltin at 0.010 mg/L Contamination by tributyltin
14 Tributyltin at 0.010 mg/L Contamination by tributyltin
15 Tributyltin at 0.010 mg/L Contamination by tributyltin
16 Tributyltin at 0.050 mg/L Contamination by tributyltin
17 Tributyltin at 0.050 mg/L Contamination by tributyltin
18 Tributyltin at 0.050 mg/L Contamination by tributyltin
19 Tributyltin at 0.100 mg/L Contamination by tributyltin
20 Tributyltin at 0.100 mg/L Contamination by tributyltin
21 Tributyltin at 0.100 mg/L Contamination by tributyltin
22 Atrazine at 0.005 mg/L Contamination by atrazine
23 Atrazine at 0.005 mg/L Contamination by atrazine
24 Atrazine at 0.005 mg/L Contamination by atrazine
25 Atrazine at 0.050 mg/L Contamination by atrazine
26 Atrazine at 0.050 mg/L Contamination by atrazine
27 Atrazine at 0.050 mg/L Contamination by atrazine
28 Atrazine at 0.100 mg/L Contamination by atrazine
29 Atrazine at 0.100 mg/L Contamination by atrazine

f
s
p
t
o
o
o
p
o

m

30 Atrazine at 0.100 mg/L *Contamination by tributyltin

* Incorrectly classified data point.

urther reiterated the importance and advantages of multiple-
pecies biomonitoring system. The library of responses in the
resent study was still preliminary as the model had only measured
he stress responses elicited by atrazine and tributyltin, but the list
f contaminants could be expanded in future studies to include
ther common environmental pollutants. Due to the improbability
f testing all known chemicals, a number of contaminants could be

laced in the same category according to their chemical structures
r modes of action (e.g. herbicides, pesticides, hydrocarbons, etc.).

For field implementation, the proposed EWBS must be auto-
ated to provide rapid, practical, and unbiased assessments of
e Response Identification screen signified current water condition which was then
ame screen).

water quality. Due to budgetary limitations, the majority of end-
points in the present study (except for effective photosynthetic
yield) were measured using visual observation and manual count-
ing, but this procedure could be automated in future trials using
a number of commercially-available technologies [4].  For exam-
ple, digital image analysis could be used to monitor the swimming
behaviour of D. magna which was successfully demonstrated by
Jeon et al. [11], while other non-visual based methods such as
impedance and frequency measurements could be implemented
for recording other endpoints. A central computer would then pro-
cess the various endpoint measurements and conduct a series of
statistical algorithms as outlined in the present study. Due to the
relatively simple calculations, the algorithms could be rapidly exe-
cuted using a program such as MATLAB, in which the processing
time for the current study was under 20 s. Fig. 5 outlines a prelim-
inary set up for the automation of the proposed EWBS.

4. Conclusions

The findings of the present study served as a groundwork where
the endpoints of multiple aquatic species of different trophic lev-
els could be monitored simultaneously to form an integrative and
more advanced early-warning biomonitoring system. Based on pre-
liminary tests, the following conclusions were obtained from this
study:

1. An early-warning biomonitoring system was  proposed in the
current study to reduce the system reliance on a single aquatic
species, and a library of responses was  suggested as a method to
manage the multi-variable endpoint data set.

2. Principal component analysis was  effective in integrating the
responses of the organisms, minimizing experimental noise, and
highlighting any distinct patterns within the library of responses.

3. After establishing the library of responses, discriminant analysis
was employed to evaluate the capability of the library to detect
and resolve different contaminants. Using the present library
of responses, sets of earlier measurements could be classified
with a high accuracy within 2–4 h. These findings reflected the
potential field application and capability of the early-warning
biomonitoring system to assess water quality in real time and
rapidly detect any hazardous aquatic contaminants.
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