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The spread of aquatic invasive species through ballast water is a major ecological and economical threat. Because of this,
the International Maritime Organization (IMO) set limits to the concentrations of organisms allowed in ballast water. To
meet these limits, ballast water treatment systems (BWTSs) were developed. The main techniques used for ballast water
treatment are ultraviolet (UV) radiation and electrochlorination (EC). In this study, phytoplankton regrowth after treatment
was followed for six BWTSs. Natural plankton communities were treated and incubated for 20 days. Growth, photosystem
II efficiency and species composition were followed. The three UV systems all showed similar patterns of decrease in
phytoplankton concentrations followed by regrowth. The two EC and the chlorine dioxide systems showed comparable
results. However, UV- and chlorine-based treatment systems showed significantly different responses. Overall, all BWTSs
reduced phytoplankton concentrations to below the IMO limits, which represents a reduced risk of aquatic invasions through
ballast water.
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Introduction
Invasive species are one of the greatest threats to biodiver-
sity. In the aquatic environment, there are many invasive
species causing great economic and ecologic harm. Exam-
ples of this are the American comb jelly (Mnemiopsis
leidyi) which is partly responsible for ecosystem shifts
and the reduction of fisheries in the Caspian Sea, Sea of
Azov and Black Sea.[1,2] Another is the European zebra
mussel (Dreissena polymorpha) which is causing foul-
ing problems in North American lakes and rivers.[3–5]
Smaller organisms can also cause problems; the diatom
Coscinodiscus wailesii is invasive in the North Atlantic,
North Sea and Celtic Sea [6] where it has detrimental
effects on fisheries due to mucus production that clogs
fishing nets.[7,8] In addition, it changes ecosystem func-
tioning since it is undigestible to the two common her-
bivorous copepods [9] and displaces native phytoplankton
species.[10] Another example is the increased spread of
toxic phytoplankton blooms, such as of the dinoflagel-
lates Alexandrium catenella or Gymnodinium catenatum
which cause paralytic shellfish poisoning in humans.[11–
14] The most important vector for the spread of aquatic
invasive species is ballast water.[15] Because of this the
International Maritime Organization (IMO) created the D-
2 ballast water performance standard that set limits on the
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concentration of viable organisms allowed to be in ballast
water at discharge. For organisms ≥ 50 micron less than
10 per m3 are allowed to be discharged. For organisms
< 50 and ≥ 10 micron less than 10 per mL are allowed
to be discharged. All sizes should be measured as the
minimum dimension, meaning the smallest diameter of
the organism. The standard also includes three indicator
microbes; toxigenic Vibrio cholera (less than 1 cfu (colony
forming units) per 100 mL), Escherichia coli (less than
250 cfu per 100 mL) and intestinal Enterococci (less than
100 cfu per 100 mL). To meet these standards, a number
of companies started developing ballast water treatment
systems (BWTSs). These BWTSs are based on a variety
of techniques,[16–21] but most common are a combina-
tion of a filter to remove organisms > 50μm followed by
disinfection by ultraviolet (UV) radiation or electrolytic
generation of hypochlorite (electrochlorination (EC)). At
the Royal Netherlands Institute for Sea Research (NIOZ),
these BWTS are tested according to IMO regulations
G8 and G9.[22,23]

Phytoplankton forms the basis of the marine food web
and is known to survive transport in ballast water,[24–
26] which is why it was chosen as the focus of this
paper. Regrowth is defined as increase in phytoplank-
ton concentration and viability after a BWTS treatment.

© 2015 Taylor & Francis
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Regrowth also provides an indication of risk of introducing
non-native species even after ballast water treatment
according to the IMO standards.

In earlier studies, the performance of the BWTSs
was measured by its effect on phytoplankton survival
and regrowth during incubation experiments.[27,28] Ste-
houwer et al. [27] showed that both a UV BWTS and a
chemical BWTS have phytoplankton regrowth after treat-
ment, but no statistical comparison was made.

Liebich et al. [28] and Stehouwer et al. [29] identified
several regrowing phytoplankton species after UV treat-
ment by one specific UV-based BWTS. All regrowing
species were diatoms, most notably Thalassiosira weiss-
flogii. However, these studies did not investigate the pos-
sible differences in species responses between BWTSs.
Successful tests of UV and EC treatment systems have
been evaluated previously, but always as one system per
paper.[30–34] Of these studies, only Sutherland et al.
[30] address regrowth. This is the first time that multi-
ple systems using multiple treatment types were directly
compared.

This study compared regrowth in six BWTSs. Three
BWTSs used UV, but differ in the number of UV reactors
and type of UV source used. Two BWTSs used EC, gen-
erating hypochlorite by electrolysing seawater, one system
generated chlorine dioxide (CD) by adding sulphuric acid
(H2SO4) and a mixture of sodium chlorite (NaClO2) and
hydrogen peroxide (H2O2) together.

The six systems tested in this paper can be grouped
into two general categories, disinfection by UV radiation
and disinfection by chlorine. The main research question
was: is there a difference in performance between these
two types of ballast water treatment? In order to answer
this question first a comparison was made between the
BWTSs that use the same method to see if different sys-
tems using similar methods also have similar performance.
Additionally, for both UV radiation and chlorine chem-
istry a dosage experiment was performed to investigate the
effects that an increased or decreased dosage had on the
organisms in ballast water. Finally, the performance of all
systems was compared. Phytoplankton performance was
investigated by following cell concentration, Photosystem
II (PSII) efficiency (as indicator of physiological status

of the photosynthetic machinery) and species composition
during and after BWTS treatments.

Methods
Ballast water treatment systems
Tests on BWTSs were performed in spring and early sum-
mer of 2008, 2009 and 2010 using Wadden Sea water. Six
different treatment systems were tested, two in 2008 (UV1
and CD), two in 2009 (UV2 and EC1) and two in 2010
(UV3 and EC2) (Table 1). The UV1 BWTS used a 50 μm
disk filter and one UV reactor with medium pressure (broad
wavelength) UV. The UV2 BWTS used a pre-filtration
over a 200 μm mesh filter, followed by a 50 μm mesh fil-
ter and two UV reactors with low pressure (254 nm) UV.
The UV3 BWTS used a 20 μm mesh filter and three UV
reactors with low pressure (254 nm) UV radiation. The
CD treatment system used a 40 μm mesh filter followed
by an addition of chlorine dioxide. The EC1 system used
a 40 μm mesh filter and electrolytic chlorination to gener-
ate hypochlorite, which is neutralized on discharge using
sodium bisulphite. The EC2 system used a 200 μm fil-
ter, a cyclone to separate particles down to 20 μm and
electrolytic chlorination to generate hypochlorite, which is
neutralized on discharge using sodium bisulphite. The tests
for UV1, UV2, CD, EC1 and EC2 consisted of filling two
250 m3 simulated ballast water tanks (one treated and one
control for each treatment system) at a speed of 200 m3

per hour. Water was pumped up from the NIOZ harbour,
passed through the pump and the treatment system after
which intake samples were taken. For the control tank,
water also went through the pump but by-passed the entire
treatment system. Thus control samples were not filtered.
Intake samples of the controls were taken after the pump.
The tests for UV3 were performed with three tanks of
250 m3, one control and two treated. Both control and
treated water was kept in the simulated ballast tanks for 5
days (as described in the IMO guidelines). After this 5-day
period, the water was discharged. All three UV BWTSs
applied a second UV treatment at discharge. Water from
the treated tanks thus passed again through pump and treat-
ment system, after which discharge samples were taken.
Both EC BWTSs added a neutralizing agent on discharge.

Table 1. Overview of treatment details for all systems.

System Pre-treatment Treatment

UV1 50 μm disc filter One UV reactor, medium pressure. Treatment at both intake and discharge
UV2 200 μm mesh filter and 50 μm mesh

filter
Two UV reactors, low pressure. Treatment at both intake and discharge

UV3 20 μm mesh filter Three UV reactors, low pressure. Treatment at both intake and discharge
CD 40 μm mesh filter Chlorine dioxide addition through mixing of two chemicals
EC1 40 μm mesh filter Hypochlorite addition through electrolysis, neutralized by sodium bisulphite on

discharge
EC2 200 μm filter and hydrocyclone Hypochlorite addition through electrolysis, neutralized by sodium bisulphite on

discharge



2096 P.P. Stehouwer et al.

Here, discharge samples were taken far enough down-
stream of the point of entry to allow for mixing of the
neutralizing agent into the water stream.

Regrowth experiments
To investigate regrowth, samples of control and treated
water were taken at both intake and discharge in 10 L car-
boys. These samples were transported to a climate room
(16:8 light:dark regime, 100 μmol quanta m-2s-1, Philips
TL-D Super 80 58W 865 daylight lamps) which was set
at the temperature of the seawater at the time of sampling.
Nutrients were added on Day 0 of the incubation at con-
centrations which are typical for the Wadden Sea (nitrate
20 μmol/L, phosphate 1.6 μmol/L and silicate 20 μmol/L).
Bottles were sampled daily or every other day for phy-
toplankton concentrations (using flow cytometry), phyto-
plankton fitness (using Pulse Amplitude Modulated (PAM)
fluorometry) and species composition (using molecular fin-
gerprinting). For the UV1 and CD systems, three separate
incubations were performed. For the EC1 and UV2 sys-
tems, two separate incubations were performed. For the
EC2 system, one incubation was performed and for the
UV3 system, six (four separate of which two were per-
formed in duplicate) total incubations were performed. For
the CD BWTS and control tanks, no discharge incubations
were performed. Incubations were monitored for 20 days.

Additional UV and EC dose response experiments
A UV dose response experiment was performed during the
UV2 test. Water was pumped from the NIOZ harbour and
passed through the pump and the treatment system (fil-
ter and two UV reactors); all samples were taken behind
the treatment system. Different doses of UV were applied,
expressed as percentages of the normal treatment dose. The
normal treatment dose (100%) consisted of water pass-
ing through both UV reactors at 200 m3 per hour. In all,
200% and 400% doses were achieved by passing water
through the system at 100 and 50 m3/h, respectively. A
75% UV dose was achieved by turning off half the lamps
in one reactor, switching off every second lamp to keep
an even spread of UV radiation throughout the reactor.
A 50% UV dose was achieved by turning one reactor
off completely. A 25% UV dose was achieved by turn-
ing one reactor off and turning off half the lamps of the
second reactor, switching off every second lamp to keep
an even spread of UV radiation throughout the reactor. A
0% UV dose was achieved by turning off both UV reac-
tors. Samples were treated as described for the regrowth
experiments. An EC dose response experiment was per-
formed during the EC2 test. Water was treated with a
normal dose of hypochlorite, but was only stored in the
simulated ballast water tank for 2 h before neutralizing.
Seven doses were used; a control, Cl3 = full dose of
hypochlorite, Cl2 = about half neutralized, Cl1 = small

fraction of hypochlorite left, BS1 = small excess of bisul-
phite, BS2 = excess of bisulphite equivalent to half the
hypochlorite dose and BS3 = excess of bisulphite equiv-
alent to full hypochlorite dose.

Analytical procedures
Flow cytometry
Living phytoplankton samples were counted in triplicate
on a Coulter Epics™ XL-MCL flow cytometer (Beck-
mann Coulter) with a 488 nm excitation laser, triggering
on red fluorescence (620 ± 15 nm). Samples were counted
for 300 s at high flow. With these settings, all intact cells
with chlorophyll were detected. Phytoplankton concentra-
tions reported are for a size range of 1 micron up to 100
micron.

PAM fluorometry
PSII efficiency as a measure of phytoplankton fitness was
measured in triplicate using a PAM fluorometer (Water-
PAM, Walz, Germany). Settings used were: measuring
light frequency = 5, out-gain = 2, actinic light inten-
sity = 6, actinic light width = 0.10, saturation pulse inten-
sity = 10 and saturation pulse width = 0.8.

Molecular characterization of phytoplankton composition
Samples were taken for the UV2 and UV3 incubation
experiments, as well as for the EC dose experiment.
For each sample, 30 mL was filtered over a 0.2 μm fil-
ter (GTTP, Millipore) and stored at − 80°C. DNA was
extracted from the filters with the UltraClean Soil DNA
Isolation Kit (MO BIO Laboratories, Inc., CA, USA).
DNA was amplified using primers specific for 16S rRNA
gene segments of cyanobacteria and plastids.[35] For-
ward primer was CYA359F-GC, reverse primers were
CYA781R(a) and CYA781R(b). The PCR programme was
set to 5 min at 94°C, 35 cycles of 1 min at 94°C, 1 min
at 60°C and 1 min at 72°C, and a last extension of 5 min
at 72°C. At the end of the PCR cycle temperature was
reduced to 4°C.

Denaturing Gradient Gel Electrophoresis (DGGE) was
used to identify gene fragment diversity.[36] A 6% acry-
lamide/bisacrylamide gel with a 20–80% urea/formamide
gradient was used. One hundred nanogram of quantified
PCR product was loaded on the gel. The gel was stained
using SYBR Gold (Molecular Probes, Inc. OR, USA) and
analysed using a blue light converter. DNA bands were
numbered and extracted from the gel for sequencing. Sam-
ples were re-amplified and cleaned using a QuickClean 5M
PCR Purification Kit (Genscript). Selected DGGE bands
were sequenced twice, with primer 359F and with a mix
of primers 781RA and 781RB. Samples were sequenced
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Figure 1. Parameters used for NMS analysis for all experiments
with all treatment systems. (1) Percentage decrease, (2) slope of
decrease, (3) minimum value, (4) day of minimum value and (5)
day of regrowth.

using an ABI PRISM 310 Genetic Analyzer. Results of for-
ward and reverse sequences were combined in Autoassem-
bler (ABI) and compared with sequences in Genbank
using BLAST. Along with their blast hits, sequences were
imported into Silva database nr. 102,[37] aligned accord-
ingly and added to the tree sequences of photo-autotrophes
using the ARB Parsimony algorithm.[38]

Statistics
In order to compare all regrowth results simultaneously
five variables, representative of the phytoplankton dynam-
ics in the regrowth experiments, were normalized and
used to compute a Euclidean resemblance matrix that was
used for a Non-metric Multi-Dimensional Scaling (NMS)
diagram and an analysis of similarities (ANOSIM) for
differences between groups of samples (treatments) using
permutation/randomization methods in the statistical soft-
ware package Primer version 6.1.13 (PRIMER-E Ltd.,
Plymouth, UK). The null-hypothesis tested was that there
were no differences in regrowth between treatments. Five
parameters were used (Figure 1).

In four cases no value could be assigned to the param-
eter ‘regrowth’. In order to perform the analysis they were
assigned the maximum value of 20. This was done for
UV2 experiment 2 2 × UV, CD experiment 2, EC1 exper-
iment 2 (no neutralization) and EC2 experiment 1 (no
neutralization).

Results
Comparison of BWTSs using UV radiation
There were common patterns between the three UV radi-
ation based BWTSs. During the first days after treatment
phytoplankton concentrations only gradually decreased,
both at intake (single UV treatment) and discharge (second

UV treatment) (Figure 2(a–c)). Phytoplankton concentra-
tions in control samples stayed relatively stable while the
PSII efficiency went down over the 20-day incubation
period (Figure 2). In treated samples the PSII efficiency
was close to zero during the first days, but increased
after 4–8 days to a peak value after which it decreased.
(Figure 2(d–f)).

All UV BWTSs showed regrowth after treatment,
with the exception of the UV2 BWTS where there was
no regrowth after the second UV treatment. Regrowth
occurred in 6–10 days after the first UV treatment and
in 7–12 days after the second UV treatment (Table 2).
Phytoplankton concentrations after regrowth were some-
times much higher than initial control concentrations
(Figure 2(a–c)).

Genetic analysis of regrowing phytoplankton species
was only performed on the UV2 and UV3 BWTSs
(Table 3). Always only one species was found in the con-
trol sample, but this is a known limitation of the analytical
method.[25] The species found in the control sample did
not match any of the species found after treatment for any
of the experiments. While Thalassiosira pseudonana sur-
vived and re-grew after treatment with the UV2 system,
this species apparently did not survive treatment with the
UV3 system where it was detected in the control, but after
treatment only Thalassiosira weisflogii was found.

UV dose response experiment
The UV dose response experiment of the UV2 BWTS
showed reduced phytoplankton concentrations with increas-
ing UV dose. The control showed a gradual decrease
in phytoplankton concentration. The gradual decrease in
phytoplankton concentrations, which was observed during
normal incubation experiments, was visible at all dosages;
at higher dosages the decrease was more pronounced. Per-
formance at a dosage of 75% was similar to performance
at a dosage of 100%, but at 50% the drop in phytoplankton
concentration was much less (Figure 3(a)).

All UV doses immediately reduced PSII efficiency
to below 0.1, except for the 25% dosage. PSII recovery
occurred fastest at 50% and slowest at 400% (Figure 3(b)).
PSII efficiency in the control sample showed a gradual
decrease while in treated samples it showed a peak after
regrowth after which it decreased.

Comparison of chlorine-based treatment systems
The CD BWTS reduced phytoplankton concentrations and
PSII efficiency immediately. This decrease continued dur-
ing the first three incubation days, while phytoplankton
concentrations in the control stayed relatively constant
(Figure 4). Of the three incubation experiments with the
CD BWTS regrowth was observed twice, once at T12
and once at T20 (Table 4). Phytoplankton concentrations
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(a) (b)

(c) (d)

(e) (f)

Figure 2. Phytoplankton concentrations (a, b and c) and PSII efficiency (d, e and f) in the regrowth experiment of the UV1 system
(a and d), the UV2 system (b and e) and the UV3 system (c and f). UV × 1 is the ballast water at intake when it passed through the UV
reactor once and UV × 2 is the ballast water at discharge when it has passed through the UV reactor twice. Treatment was applied at
T = 0 and the incubation was monitored for 20 days.

in the treated sample after regrowth were higher than
phytoplankton concentrations in the control (Figure 4(a)).

In the first incubation experiment of the EC1 BWTS
there was regrowth after 19 days without neutralization
and after 11 days with neutralization (Table 4). The sec-
ond incubation experiment of EC1 showed no regrowth
without neutralization and regrowth after 18 days with neu-
tralization (Figure 5(a–c)). The first incubation experiment
of the EC2 BWTS did not show regrowth without neu-
tralization, but with neutralization regrowth occurred after
7 days (Figure 5(b–d)). All three EC incubation exper-
iments showed similar patterns with an immediate and
strong reduction in phytoplankton concentration while the

controls stayed relatively constant. PSII efficiency also
showed an immediate and strong reduction, but PSII effi-
ciency in the controls was also strongly reduced after about
10 days.

EC dosage experiment
Phytoplankton concentrations in the control showed a
strong peak followed by a reduction to below the starting
concentration, after which the phytoplankton concentration
remained stable (Figure 6(a)). PSII efficiency showed a
similar pattern, starting high but afterwards decreasing to
a low but stable level (Figure 6(b)). Without neutralization



Environmental Technology 2099

Table 2. Days that regrowth was first observed for all
incubation experiments of the three UV BWTSs after
both single and double treatments.

System Experiment 1 × UV 2 × UV

UV1 1 8 7
UV1 2 9 8
UV1 3 10 10
UV2 1 6 10
UV2 2 7 N
UV3 1 9 7
UV3 2 9 7
UV3 3 9 12
UV3 4 8 9
UV3 5 8 9
UV3 6 8 12

Note: UV × 1 is the ballast water at intake when it
passed through the UV reactor once and UV × 2 is the
ballast water at discharge when it has passed through the
UV reactor twice. N = no regrowth.

of the hypochlorite no regrowth occurred. With partial
neutralization of the hypochlorite with sodium bisulphite
and with sodium bisulphite excess regrowth occurred
(Figure 6). Phytoplankton concentrations after regrowth
were higher than initial control concentrations.

Genetic identification of phytoplankton species was
performed on the dosage experiment of the EC2 BWTS

(Table 5). None of the species detected in the control
sample were found after treatment but neither were the
species detected after treatment found in the control. Nav-
icula phyllepta and Chaetoceros socialis were found both
in samples with excess hypochlorite and excess sodium
bisulphite. Emiliania huxleyii was only found in samples
with excess sodium bisulphite.

Comparison of UV and EC treatment systems
The NMS analysis of the comparison between all treatment
types revealed a difference between treatments (R = 0.33,
P < .01). Two different groups were found: the first
group consisted of 1 × UV and the second group of EC,
EC + BS, CD and 2 × UV (Figure 7). However, 1 × UV
can be considered an incomplete treatment, since in all
UV systems water is also treated on discharge. When an
ANOSIM analysis was conducted excluding the 1 × UV
data, the result was different. A significant difference was
found between 2 × UV and CD (P < .05) and between
2 × UV and EC, including EC + BS (P < .05). No sig-
nificant difference was found between CD and EC.

Discussion/Conclusion
Comparison of UV BWTS
Despite their differences in configuration (both filters
and reactors) and UV wavelength (Table 1), the three

Table 3. Phytoplankton species identified using genetic analysis during the regrowth experiments of the UV systems.

System Experiment Control 1 × UV 2 × UV

UV2 1 Rhizosolenia setigera Skeletonema costatum, Thalassiosira
sp., Thalassiosira pseudonana

Thalassiosira sp.

UV2 2 Dinophyceae sp. Chaetoceros calcitrans No regrowth
UV3 1 Thalassiosira

pseudonana
Coscinodiscus radiatus, Thalassiosira

weissflogii
Stephanopyxis sp., Thalassiosira

weissflogii
UV3 2 Thalassiosira

pseudonana
Thalassiosira weissflogii Thalassiosira weissflogii

UV3 5 Ditylum brightwellii Skeletonema costatum, Thalassiosira
weissflogii

No sample

(a) (b)

Figure 3. Phytoplankton concentration (a) and PSII efficiency (yield) (b) in the dosage experiment of the UV2 BWTS. Dosage expressed
in percentage of normal treatment dosage.
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(a) (b)

(c) (d)

Figure 4. Phytoplankton concentrations (a and b) and PSII efficiency (c and d) in the regrowth experiment of the CD BWTS. The
first regrowth experiment showed regrowth of phytoplankton after treatment (a and c) and the second experiment showed no regrowth
(b and d).

Table 4. Days that regrowth was first observed for all
incubation experiments of the CD BWTS and the two
EC BWTSs after treatment and neutralization.

System Experiment Treatment Neutralization

CD 1 12
CD 2 N
CD 3 20
EC1 1 19 11
EC1 2 N 18
EC2 1 N 7

Note: N = no regrowth.

UV radiation-based treatment systems produced similar
results. All of them showed a gradual decrease in phy-
toplankton numbers after treatment. This ‘delayed effect’
emphasizes the importance of PSII efficiency measure-
ments for phytoplankton, since phytoplankton concentra-
tions (as measured by flow cytometry) are higher than IMO
standards immediately after treatment. However, the phy-
toplankton has very low PSII efficiency and disintegrates
over time, reaching concentrations below the IMO stan-
dards (Figure 2). Regrowth occurred in all systems, and
in all systems around the same time, between 6 and 12
days (Table 2) which is similar to the 6–8 days observed
by Martínez et al. [39]. Buma et al. [40] also showed the
ability of phytoplankton to recover after PSII efficiency had
been reduced. On discharge initial phytoplankton concen-
trations are lower than at intake and the ‘minimum values’
for phytoplankton concentrations (as shown in Figure 1)

are also lower. The results of genetic identification of phy-
toplankton were also similar for the two UV BWTSs tested
(UV2 and UV3). For both systems, Skeletonema costatum
was a regrowing species, but the most frequent regrower
were species belonging to the genus Thalassiosira. After
treatment with the UV2 BWTS, Thalassiosira pseudonana
was the main regrower while after treatment with the UV3
BWTS it was Thalassiosira weissflogii. This indicates that
Thalassiosira is more resistant to UV radiation than other
phytoplankton genera, matching the conclusions of Suther-
land et al. [30], Liebich et al. [28] and Stehouwer et al.[29]
It is interesting however that Thalassiosira pseudonana
was found in the control samples for the UV3 system, but
after treatment Thalassiosira weissflogii was the regrowing
species. It is unknown if this is really a species shift or a
misidentification by the genetic analysis method.

UV dosage
The UV dosage experiment of the UV2 BWTS showed
that even with treatment dosage reduced to 75% (by dis-
connecting half the lamps of the second UV reactor), the
phytoplankton concentration and viability behaved simi-
lar to 100% treatment (Figure 5(a) and (b)). This suggests
that even when treatment effectiveness is reduced the sys-
tem will still perform up to IMO standards. Additionally,
200% and 400% dosage (achieved by lowering flow speed
so water spent more time in the reactors) showed a stronger
reduction in phytoplankton concentration than the 100%
treatment, but regrowth occurred around the same time.
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(a) (b)

(c) (d)

Figure 5. Phytoplankton concentrations (a and b) and PSII efficiency (c and d) in the regrowth experiment of the EC1 BWTS (a and c)
and the EC2 BWTS (b and d).

(a) (b)

Figure 6. Phytoplankton concentrations (a) and PSII efficiency (b) after treatment with different dosages of hypochlorite and bisulphite
in the EC2 system.

This suggests that an increase in UV radiation dose will
not eliminate the possibility of regrowth.

It should be noted that all UV doses in the UV-dosage
experiment were from a single treatment; in normal UV
ballast water treatment the water would get a second treat-
ment before discharge which would further lower organism
numbers and possibly delay regrowth.

Comparison of CD and EC BWTS
Both EC BWTSs and the CD BWTS showed an immedi-
ate decrease in phytoplankton concentrations after addition

of chemicals. The main difference of the CD BWTS com-
pared to the EC BWTSs is that the CD BWTS does not
add a neutralizing agent upon discharge. For both CD and
EC without neutralization regrowth occurred in part of the
experiments (regrowth in two out of three experiments for
CD and one out of three experiments for EC) (Table 4).
In two of the three regrowing experiments, regrowth only
occurred just before the end of the experiment (Day 20
for the third CD experiment and Day 19 for the first EC1
experiment) (Table 4). It is therefore recommended to con-
duct regrowth studies on this type of system for longer
than 20 days. The EC results with neutralization were
very different; all three showed regrowth suggesting that



2102 P.P. Stehouwer et al.

Table 5. Phytoplankton species identified using genetic
analysis in the samples of the EC dosage experiment.

Dose Species identified

Control Rhizosolenia setigera, Stephanopyxis sp.,
Thalassiosira weissflogii

Cl3 No regrowth
Cl2 Navicula phyllepta
Cl1 Chaetoceros socialis
BS1 Emiliania huxleyii
BS2 Navicula phyllepta, Chaetoceros socialis, and

Emiliania huxleyii
BS3 Chaetoceros socialis

Note: Cl3 = full dose of hypochlorite, Cl2 = about half
neutralized, Cl1 = small fraction of hypochlorite left,
BS1 = small excess of bisulphite, BS2 = excess of bisul-
phite equivalent to half the hypochlorite dose, and
BS3 = excess of bisulphite equivalent to full hypochlorite
dose.

neutralization of the residual hypochlorite (and possible
by-products) accelerates the regrowth process.

EC dosage
Without neutralization no regrowth occurred, but even par-
tial neutralization of the hypochlorite with sodium bisul-
phite resulted in regrowth within 20 days. Regrowth also
occurred when excess sodium bisulphite was added. Neu-
tralization is therefore an important part of making the

treated ballast water safe for discharge since even par-
tial neutralization seems to mitigate the harmful effect
of hypochlorite. While the major regrower from the UV
experiments, Thalassiosira weissflogii, was present in the
control samples, it was not detected after treatment. The
regrowing species for the EC experiment were Navicula
phyllepta, Chaetoceros socialis and Emiliania huxleyii of
which Emiliania huxleyii only occurred in samples that
were completely neutralized or had an excess of neutral-
izing agent.

Comparison of UV and CD/EC BWTS
As expected, statistical analysis showed that there was a
difference between treatment types. What was not expected
was that 2 × UV grouped together with EC and CD, with
1 × UV grouping separately (Figure 7). With 1 × UV
excluded from the analysis, the data showed the expected
pattern with no significant difference between CD and EC
but significant difference between UV and chemical treat-
ments. The most important contributing factors to this
difference were the lower initial reduction in phytoplankton
concentrations, more gradual slope of decrease and earlier
start of regrowth of the UV systems.

In both UV and CD/EC BWTSs, phytoplankton con-
centrations after regrowth were higher than phytoplankton
concentrations in the control. This is probably due to the
fact that most regrowing species are small (10 micron
or smaller) while the control consisted of a mixture of

Figure 7. NMS of all incubation experiment data. Two main groups are significantly different, 1 × UV (light grey triangles) and
2 × UV, CD, EC and EC + BS (light grey squares). There are also three outliers. (The EC outlier is the EC experiment with the earli-
est regrowth (EC2, EC + BS.) The 2 × UV outlier is the only UV experiment with no regrowth (UV2 experiment 2), set to regrowth
on Day 20. The 1 × UV outlier is an experiment with a low initial reduction, high minimum value and high slope of decrease (UV1,
experiment 2).
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species of different sizes. Since small organisms need
lesser nutrients per organism than larger organisms, this
would explain the differences in concentration.

All BWTSs compared used a filtration step, but the
mesh size of these filters varied between 20 and 200
micron. However, when comparing the results of UV2
(50 micron filter mesh) and UV3 (20 micron filter mesh)
regrowing species were similar. Regrowing species of the
EC2 BWTS, which used a 200 micron filter mesh, were all
below 10 micron in minimum dimension. Since all regrow-
ing species were smaller than the smallest filter mesh used,
this implies that the size of the filter mesh did not affect the
regrowing species.

Regrowing phytoplankton species differed between UV
and chemical systems. This indicates that there is not one
‘super plankton’ resistant to all treatments. Different bal-
last water treatment techniques have different challenge
species, whether it is because of a built-in resistance or
because of a life history which allows it to escape the
effects of the treatment.

When comparing UV and EC BWTSs from a ship
owner perspective, UV systems have the advantage that no
chemicals need to be carried aboard. In case of emergency,
the ballast water can be discharged at any point without
environmental problems. As a disadvantage, when scaling
up the system both extra filtration and UV units need to
be installed, and this requires more space. Additionally,
UV reactors are large energy-consumers, especially in low
UV-transmittance waters where the ballast water flow rate
might even have to be reduced in order to treat the bal-
last water with the required minimum dose. EC systems are
easier to scale up since the reactor requires only minimal
scaling; only extra filtration units are required. However,
this system needs to have chemicals onboard. In the case
of chlorine dioxide, it is the two components of the reactor
mixture and with EC systems it is sodium bisulphite to neu-
tralize the hypochlorite before discharge. Additionally, EC
systems require salt water to produce the active substance.
When operating in fresh water, a supply of salt water will
have to be carried onboard.

All six systems described in this paper met the IMO
D-2 standards for BWTSs. The IMO standards do not ask
for ballast water free of organisms, but set a strict and
low maximum standard. As the present experiments have
shown, organisms can regrow after treatment by each of
the six BWTSs when provided with optimal growth con-
ditions. This means that the risk of invasive species is
not eliminated by ballast water treatment. On the other
hand, the concentration of organisms introduced is strongly
reduced, which results in a reduction in propagule pres-
sure. Propagule pressure is a key factor in the success of
non-native species in a new environment.[41–43] Even
though ballast water treatment is not 100% effective, it
still greatly reduces the threat of invasive species spread
through ballast water.
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