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Abstract 
Raw water transfers between waterbodies are crucial to water utility companies’ 
abilities to balance water supply and demand. However, raw water transfers have 
been highlighted as a high-risk pathway for the spread of invasive alien species (IAS). 
Implementing biosecurity at the scale of raw water transfers is a considerable 
undertaking and the impact on water resources and the environment need to be 
considered when researching methods to biosecure raw water transfers. We 
explored the effectiveness of pH changes in causing mortality in aquatic IAS. We 
used two invasive invertebrate species; Dreissena polymorpha, Dikerogammarus 
villosus and two invasive plant species; Hydrocotyle ranunculoides, Crassula 
helmsii. pH was adjusted using chemicals already widely utilised within the water 
treatment process (ferric sulfate-acid and calcium hydroxide-alkali) to produce 
treatments of acid (pHs 3, 4, 5, 6) and alkali (pHs 9, 10, 11, 12) pH. For D. villosus, 
complete mortality was only seen following immersion at pH 12 for ≥ 1 hour. For 
D. polymorpha, 100% mortality was not achieved in any treatment. Mortality was 
highest in more extreme treatments of pH4 (44%) and pH12 (40%) following 
immersion for 8 hours. Incomplete mortality of H. ranunculoides was seen for all 
pH treatments, with the highest mortality (50%) at pH4 and pH 10. Crassula 
helmsii experienced no mortality following immersion in any of the pH treatments. 
These results indicate that immersion in water with altered pH is unlikely to be suitable 
as a biosecurity treatment to slow the spread of aquatic invasive invertebrates and 
macrophytes in raw water transfers. 

Key words: biosecurity, bulk raw water transfer, Dreissena polymorpha, 
Dikerogammarus villosus, Hydrocotyle ranunculoides, Crassula helmsii 

   
Introduction 

Globalisation has played a key part in increasing global transport networks 
and movements of commodities around the world. With this greater 
connectivity and diversity of transport methods such as by sea, air and 
land, the spread of IAS has accelerated (Hulme 2009; Amano et al. 2016; 
Bonnamour et al. 2021). Freshwater environments such as rivers, lakes, ponds 
and wetlands are extremely important ecosystems. Whilst they make up 
less than 1% of the world’s water, they constitute almost the entire supply 
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of the worlds’ drinking water (Shikloanov 1993; Dudgeon et al. 2006). 
Freshwater ecosystems are one of the worlds most threatened habitats and 
are particularly vulnerable to the introduction of IAS as a result of human 
activity (Dudgeon et al. 2006; Olden et al. 2010). The global cost of aquatic 
IAS has increased rapidly over the last 50 years and was estimated to be at 
least US$23 billion in 2020 (Cuthbert et al. 2021). IAS in freshwater 
systems are associated with loss of native species, introduction of diseases 
and alteration of ecosystem function (Pimentel et al. 2005; Hejda et al. 
2009; Hulme 2014; Roy et al. 2023). Social and economic impacts of IAS. 
include increased flood risk, risk to human health, and risk to food and 
water security (Hulme 2014; Gallardo and Aldridge 2020; Roy et al. 2023). 
Aquatic IAS can be introduced or spread through trade, transport, and 
recreational activities. The risk of IAS spread through recreational activities 
such as boating and angling (Ricciardi 2001; Gollasch 2007; Anderson et al. 
2014; Hulme 2015) is of particular concern to water utility companies. 
Furthermore, research has also highlighted raw water transfers (RWT, the 
movement of untreated water between waterbodies) as a potential pathway 
for the spread of IAS (Gallardo and Aldridge 2018, 2020; Waine et al. 2023).  

Raw water transfer or RWT refers to the movement of untreated water 
between waterbodies, such as between different reservoirs or between a river 
and a reservoir. Changing climate and demography is placing increasing need 
on water utility companies, which can be both publicly and/or privately 
owned, to balance water supply and demand and safeguard water resources 
(Ludwig et al. 2014; Gasbarro et al. 2016; Gosling and Arnell 2016). 
Interbasin transfers of raw water are essential to ensuring water supplies to 
industry and domestic users (Das 2006; Cosgrove et al. 2015; Khadem et al. 
2021). Current and future water transfer megaprojects move thousands of 
megalitres water across catchments, river basins and geopolitical borders to 
help elevate water scarcity under projected climate change and demographic 
scenarios. For example China’s South-North Water Transfer Project will 
ultimately transport up to 4.5 billion litres of water p.a. within its 4300 km 
of canals and pipelines which is estimated to cost between US$20 to US$81 
billion to complete; and the Central Arizona Project diverts water from the 
Colorado River 336 miles away to Tuscon, Arizona and is the most expensive 
water transfer project in US history, costing US$5 billion to construct 
(Hulme 2015; Gosling and Arnell 2016; Rogers et al. 2016, 2020; Sternberg 
2016; Gallardo and Aldridge 2018; Shumilova et al. 2018). Such RWT pose 
a serious risk of spreading IAS due to the connectivity they provide between 
water bodies and the resulting risk of accidental translocation of animals or 
plant fragments during water transfers (Waine et al. 2023; Zhu et al. 2023).  

In Great Britain freshwater IAS management costs £26.5 million 
annually (Oreska and Aldridge 2011), with water utility companies paying 
at least £4.6 million of that (Williams et al. 2010). Alongside the Water 
Framework Directive (WFD) which requires industries using river basins 
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to protect, restore and prevent deterioration, water utility companies and 
other water authorities who use RWT to move millions of litres of raw 
water around Great Britain daily are highly driven to reduce the risk of the 
introduction and further spread of IAS through RWT to limit the resultant 
impacts on their assets. Therefore, it is crucial to develop and test methods 
to reduce the risk of IAS spread through RWT whilst allowing the 
movement of water that is essential to ensure water security. Preventing 
the introduction and spread of IAS is considered the most cost-efficient 
and effective method to manage IAS (Simberloff 2021). Biosecurity refers 
to actions taken to reduce the risk of introducing or spreading IAS.  

There are various campaigns to raise awareness and encourage biosecure 
practices amongst the general public and practitioners, such as “Check, 
Clean, Dry” in the UK, Ireland and New Zealand (Ministries for Primary 
Industries Manatū Ahu Matua 2023; GBNNSS ND), “Clean, Drain, Dry” in 
the USA (U.S. Fish & Wildlife Service ND) or “Play, Clean, Go” in Canada 
(Invasive Species Council of BC ND) These campaigns promote simple 
practices to remove/kill of IAS propagules and decontaminate equipment 
and clothing using protocols including cold-water spray, disinfectants and 
immersion in hot water (Shannon et al. 2018; Crane et al. 2019; Bradbeer et al. 
2020a, b; Smith et al. 2023). To date, the development and testing of biosecurity 
protocols has focused on decontamination of clothing, equipment and 
vehicles, with little work addressing biosecurity of RWT. Biosecurity to 
slow the spread of IAS in RWT presents a number of challenges owing to 
the volume of water, its flow rates and the complex structure of transfer 
networks. The UK based regional water utility company Yorkshire Water 
abstracts, treats and supplies around 1.3 billion litres daily from the 
environment (Yorkshire Water 2022). In addition to biosecurity effectiveness, 
any biosecurity protocols applied to RWT must be environmentally safe 
and appropriate for use in drinking water supplies.  

Mechanical and chemical biosecurity treatment options for RWTs need 
to be environmentally safe. A potential biosecurity treatment for use in 
RWT is temporary alteration of water pH. Previous studies have shown 
that altered pH can induce mortality in Dikerogammarus villosus (Sowinsky, 
1894) (Sebire et al. 2018) and Dreissena polymorpha (Pallas, 1771) (Martin 
et al. 1993; Bowman and Bailey 1998; Fisher et al. 1999; Claudi et al. 2012). 
However, these studies involved extended periods of exposure (20 days to 
10 Weeks) (Bowman and Bailey 1998; Fisher et al. 1999; Claudi et al. 2012) 
and used a variety of chemical treatments (Fisher et al. 1999; Claudi et al. 
2012; Barenberg and Moffitt 2017; Sebire et al. 2018) that have not been 
approved for use in raw water intended for drinking water supply. 
Furthermore, no studies to date have explored the effectiveness of pH in 
inducing mortality of IAS aquatic macrophytes. 

Here, we used calcium hydroxide and ferric sulphate to achieve temporary 
changes to the pH of raw water. These chemicals are commonly used as 
flocculants for the removal of particulate material within the process of 
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treating raw water for drinking water supply. The pH levels used were 
outside that of optimal flocculation pH in the water treatment process (6.5 
to 8.5) (Zeng et al. 2011) and short treatment durations (60 minutes to 480 
minutes) were explored to reflect the need for rapid biosecurity treatments 
due to potentially high flow rates of raw water transfers. Thus, we explored 
their application as short-term biosecurity treatments in inducing mortality 
in four aquatic IAS of high concern for water utility companies within the 
UK; two invertebrates D. villosus and D. polymorpha, and two macrophytes 
Hydrocotyle helmsii (Kirk) Cockayne and Hydrocotyle ranunculoides 
(Linnaeus) (Gallardo and Aldridge 2020). 

Materials and methods 

Study species 

Dikerogammarus villosus (killer shrimp) is listed in the top 100 worst IAS 
within Europe (Nentwig et al. 2018) as it negatively impacts invaded 
ecosystems (DAISIE 2009). Dikerogammarus villosus spread from its native 
Ponto-Caspian region across Europe in less than three decades and is of 
concerns for future invasion of the great lakes in North America (Ricciardi 
and MacIsaac 2000; Rewicz et al. 2014).  

Dreissena polymorpha (zebra mussel) is included with the IUCN top 100 
worst invasive alien species, with a total estimated associated cost of 
US$3.4 billion globally between the years 1960–2020 (Cuthbert et al. 2022). 
Water treatment and electricity generation companies in the US have spent 
an estimated overall US$267 million between 1989 and 2004 on D. polymorpha 
management with US$87 million going into preventative measures 
(Connelly et al. 2007). These economic costs arise as a result of the biofouling 
ability of D. polymorpha, which allows them to attach to the inside of pipes, 
causing blockages, damaging infrastructure and affecting water quality 
through filter feeding (Gallardo and Aldridge 2018, 2020). 

Crassula helmssi (swamp stone-crop) and H. ranunculoides (floating 
pennywort) are aquatic invasive plants. Specific concerns for water utility 
companies are the plants’ ability to form dense mats in waterbodies. They 
can outcompete native plants, alter water quality, cause operational issues 
and increase flood risk (Leach and Dawson 1999; Stiers et al. 2011; 
Gallardo and Aldridge 2020).  

Collection of experimental organisms  

Dikerogammarus villosus and D. polymorpha were collected from Grafham 
Water, Cambridgeshire, UK (Latitude 52.291806, Longitude −0.323163) 
between October 2020 and March 2022. Dikerogammarus villosus and 
D. polymorpha were collected by hand from ropes and hard surfaces submerged 
in the water. Hydrocotyle ranunculoides were obtained from Water Haigh 
Woodland Park, Yorkshire, UK (Latitude 53.751144, Longitude −1.428923) 
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between April 2022 and August 2022. Crassula helmsii were taken from 
Potteric Carr Nature Reserve, Yorkshire, UK (Latitude 53.498876, 
Longitude −1.113194) in October 2022. Samples of H. ranunculoides and 
C. helmsii were collected by hand. Organisms were transported to the 
University of Leeds and stored in aerated tanks in a controlled temperature 
room (~ 14 °C) under a 12 hour light:dark cycle. Dikerogammarus villosus 
were provided with Alnus glutinosa leaves as food source, and D. polymorpha 
with D. villosus faeces. All organisms were held for at least 72 hours prior 
to use in order to minimise the potential stress caused as a result of collection 
and transport.  

For the invertebrates, only healthy adults which were seen either actively 
swimming (D. villosus) or actively filter feeding (D. polymorpha) were selected. 
Adult individuals are less vulnerable than juvenile/immature stages to 
environmental stressors (Sebire et al. 2018; Cuthbert et al. 2019; Coughlan 
et al. 2020; Crane et al. 2020). Mass was recorded prior to each experiment. 

From the macrophytes (H. rannunculoides and C. helmsii) chlorophyll 
content readings were taken prior to start of each experiment using a 
chlorophyll meter (Konica Minolta SPAD 502-Plus). The chlorophyll content 
in plant leaves are used as a proxy for plant health (Dan et al. 2000; Bradbeer 
et al. 2020b) Only mature plants which showed positive phototropism, 
chlorophyll content of > 4.9 and a visual inspection score of 5 (no degradation 
present other than at fragment site) (Dan et al. 2000; Shannon et al. 2018; 
Crane et al. 2019; Bradbeer et al. 2020b) were selected for the experiment. 
Stem length section of 10 cm for H. rannunculoides and 5 cm sections for 
C. helmsii were used. 

Prior to each experiment, individuals were maintained in ~ 250 ml 
dechlorinated tap water for < 1 hr. For D. villosus, a sterilized glass pebble 
was placed in the containers to avoid excessive swimming behaviour, 
which could increase mortality.  

Experimental design 

Solutions of ferric sulphate and calcium hydroxide were made to desired 
pH 3, 4, 5, 6 and pH 9, 10, 11, 12, respectively. Acid pH solutions were made 
by slowly adding small amounts of ferric sulphate powder to dechlorinated 
tap water under continuous stirring. The pH reading was taken using a pH 
meter (Hanna Combo Tester HI98129), with ferric sulphate addition 
continuing until the desired desired pH was achieved. A similar process was 
adopted for alkali pH solutions, this time using a premade calcium hydroxide 
solution. Experimental solutions of pH were replaced at least once an hour. 

Individual IAS were exposed to one of eight pH treatments (pH 3, 4, 5, 6, 
9, 10, 11, 12) or the control groups were immersed in dechlorinated tap 
water for an allotted time period. Hydrocotyle ranunculoides were exposed 
to one time treatment of 2 hours. The other three species were exposed to 
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Table 1. Shows the time durations (hours) used to test pH treatments (pH 3, 4, 5, 6, 9, 10, 11, 12 and Control) against four species 
(Dreissena polymorpha, Dikerogammarus villosus, Crassula helmsii and Hydrocotyle ranunculoides). 

Species 
Duration (Hours) 

1 2 8 
Dreissena polymorpha    
Dikerogammarus villosus    
Crassula helmsii    
Hydrocotyle ranunculoides     

two different time treatments; D. villosus and C. helmsii were immersed in 
one of the treatments for either 1 or 2 hours and D. polymorpha immersed 
for either 2 or 8 hours (Table 1). 30 replicates of each species per treatment 
for each time duration was run. Previous studies which have exposed 
D. polymorpha to various chemicals have shown low mortality following 
short duration treatments (Van Benschoten et al. 1993; Verween et al. 
2009). Therefore, this species was immersed for treatments of 2 and 8 
hours durations. To limit pH change over time, solutions were replaced at 
least once per hour. During the treatments a fine-mesh sieve was used to 
keep H. ranunculoides and C. helmsii fully immersed. 

Following immersion in the treatment solutions, specimens were re-
immersed in dechlorinated tap water for two-minutes, twice to aid in the 
removal of the treatment solution (Bradbeer et al. 2020a; Crane et al. 2020). 
Specimens were then returned to ~ 250 ml storage dechlorinated tap water 
and placed in the controlled temperature room (14 °C; 12:12 h light–dark) 
(Figure 1). If any individuals died, or if D. villosus moulted before the end 
of the experiment they were discounted.  

Mortality assessment 

To assess the effectiveness of the different treatments, IAS invertebrate 
mortality was measured after 1 hour, 1 day and 7 days after exposure. As 
macrophytes may show recovery from treatments (Crane et al. 2020) mortality 
was measured at 1 hour, 1 day, 7 days, 14 days and 21 days following the 
methods outlined in previous studies (Anderson et al. 2015; Bradbeer et al. 
2020a; Crane et al. 2020; Shannon et al. 2018). This allows any residual 
impact on individual mortality to be assessed.  

 
Figure 1. Experimental set up for immersing invasive alien species (Dreissena polymorpha adult is used as an example individual) 
in pH solutions and post-exposure cleaning (dechlorinated oxygenated tap water) stations. 
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Dreissena polymorpha were considered dead if they were gaping and not 
actively feeding, or if when tweezed apart they offered no resistance and 
did not reclose their shell. Dikerogammarus villosus were considered dead 
if they did not actively swim in response to mechanical stimulation, 
showed discolouration and pereopods were not actively moving (Bradbeer 
et al. 2020a).  

To measure macrophyte mortality the chlorophyll content and a visual 
score were used. The visual score followed the method of Crane et al. (2019); 
in which plant fragments were assessed based on stages of degradation and 
regrowth on a scale of 0 to 10. A plant fragment with a score of 5 showed no 
shoot/root growth to be present, with only degradation at the fragmentation 
site. A score > 5 indicated more degradation along with no shoot/root growth; 
as the score increased so did the extent of degradation until a score of 10 
represented complete degradation. A score of < 5 indicated there was shoot/ 
root growth along with potentially degradation. Macrophytes were considered 
as not viable (dead) if they had a chlorophyll reading of ≤ 0.8 and had a 
visual score of 10 (Dan et al. 2000; Crane et al. 2019; Bradbeer et al. 2020b). 
Chlorophyll content measurements for C. helmsii were taken using a pair 
of leaves removed from the plant section; chlorophyll content has been 
shown not to differ between lead pairs within a plant (Bradbeer et al. 
2020b). Chlorophyll content measurements for H. ranunculoides were taken 
from the same location on the leaf for all individuals.  

Statistical analysis 

All statistical analyses were conducted in R (Version 4.2.2). Mass measurements 
were compared between treatments for D. villosus and D. polymorpha 
using an Analysis of Variance (ANOVA). Pre-exposure chlorophyll contents 
for both macrophytes (H. ranunculoides and C. helmsii) were compared 
between treatments using an ANOVA. If residuals did not meet 
homoscedasticity assumptions (Levene’s test, p < 0.05) or normality 
(Shapiro-Wilk, p > 0.05), the data was transformed by log and the ANOVA 
repeated. If assumptions were still not met a Kruskall Wallis test was 
undertaken. 

For each species, mortality at the final time point (day 7 – D. polymorpha 
and D. villosus) or (day 21 – C. helmsii and H. ranunculoides) was compared 
across treatments. A generalised linear model (GLM) was used, which assumed 
a logistical error distribution. Components of treatments for invertebrates 
were “pH”, “duration” and “mass” or “masslog”. For H. ranunculoides, the 
components were “pH” and “starting chlorophyll content”. Initially five 
models were created using these terms for each species, apart from 
H. ranunculoides were two models were created (Supplementary material 
Tables S1–S3). The models were then assessed using Akaike Information 
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Table 2. Percentage mortality of Dreissena polymorpha, Dikerogammarus villosus seven days post exposure; and Hydrocotyle 
ranunculoides, Crasssula helmsii twenty one days post- exposure to a range of pH treatments (pH 3–6 and pH 9–12) and control 
treatment for set durations. Colours: red (0–9.9% mortality), amber (10–49.9%), yellow (50–99.9% mortality) and green (100% 
mortality). 

Species Duration 
(Hours) 

pH 
3 4 5 6 9 10 11 12 Control 

Dreissena 
polymorpha 

2 3.85% 3.33% 20% 13.8% 0% 7.3% 9.7% 0% 5.1% 
8 3.1% 43.8% 25% 0% 0% 3.3% 0% 40% 0% 

Dikerogammarus 
villosus 

1 44.8% 20.7% 17.2% 7.7% 7.4% 8% 10% 100% 11.1% 
2 33.3% 28.6% 17.4% 21.4% 14.3% 10% 51.4% 100% 3.1% 

Crassula helmsii 
1 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Hydrocotyle 
ranunculoides  2 33.3% 50% 30% 40% 33.3% 50% 16.7% 36.7% 24.1% 

Criterion (AIC) and the most appropriate model was selected. Post-hoc 
pairwise comparison (Tukey) was run on significant factors within the 
selected model. 

Results 

Mortality of D. polymorpha was significantly affected by pH, duration and 
the interaction of pH and duration (ꭓ2 = 51.63, df = 8, p < 0.001; ꭓ2 = 5.01, 
df = 1, p < 0.05; ꭓ2 = 48.24, df = 8, p < 0.001). Mass did differ between 
treatment groups (Kruskal Wallis: ꭓ2(17) = 178.23, p < 0.001) (D. polymorpha 
mean mass = 0.91g ± 0.01), and mass had no significant effect on mortality 
(ꭓ2 = 1.56, df = 1, p = 0.21). The best-fit model components were 
pH*duration + mass (AIC = 307.43 and AIC Weight = 75%). Mortality was 
highest in more extreme treatments of pH4 (44%) and pH12 (40%) 
following immersion for 8 hours. Interestingly, mortality did not appear to 
increase with the lower acid/higher alkali pHs. Pairwise comparison 
showed significant differences only between control (2 hour duration) and 
pH 4 (8 hours duration). 

Dikerogammarus villosus mortality was significantly affected by pH (ꭓ2 = 
214.69, df = 8, p < 0.001) but not by treatment duration or mass (ꭓ2 = 2.98, 
df = 1, p = 0.084, ꭓ2 = 0.44, df = 1, p = 0.51). Mass did differ between 
treatments (Kruskal Wallis: ꭓ2(17) = 92.89, p < 0.001) (D. villosus mean 
mass = 0.0798 g ± 0.0014). The best-fit model, which included all three 
factors was used (pH + duration + mass) (AIC = 419.83 and AIC Weight = 
30%). Complete mortality for D. villosus was seen at pH 12 exposure for 
both 1 hour and 2 hours immersion. Mortality increased with increasing 
acidity/alkalinity and was greater following longer exposure (Figure 2B; 
Table 2).  

Mortality of H. ranunculoides was not significantly affected by pH or by 
the starting chlorophyll (ꭓ2 = 13.03, df = 8, p = 0.11; ꭓ2 = 0.23, df = 1, p = 
0.63). Starting chlorophyll did not differ between treatments (Shapiro 
Wilks: W = 0.99, p = 0.09; Levene’s Test: F = 2.04, d.f. = 8, p = 0.04) (mean 
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Figure 2. Percentage mortality of (A) Dreissena polymorpha, (B) Dikerogammarus villosus seven days post exposure; and 
(C) Hydrocotyle ranunculoides 21 days post exposure to pH treatments (pH 3–6 and pH 9–12) and control treatment for set durations. 

chlorophyll of H. rannunculoides = 41.08 ± 0.24 SPAD value). The best-fit 
model was pH + start chlorophyll (AIC = 355.73, AIC Weight = 1.00).  

No mortality of C. helmsii was seen in any of the treatments (Table 2).  

Discussion  

Raw water transfers pose a risk of accidental spread of IAS, and biosecurity 
implementation is key to reducing this risk (Waine et al. 2023; Zhu et al. 
2023). This is the first study to explore the variance of pH as a biosecurity 
treatment for invasive aquatic macrophytes. The treatments tested however, 
had limited effectiveness against the four different study organisms. Hence, 
altering pH is not considered to be an effective biosecurity method for RWT. 

Invertebrates 

Complete mortality of D. villosus was achieved following exposure for ≥ 1 hour 
to pH 12 which is a pH higher than usually range found within the raw 
water treatment process. However, other pH treatments caused incomplete 
mortality ranging from 10%–50%. A previous study using hydrochloric 
acid reported 20% mortality following 15 minute immersion in pH 3 and 5, 
but no mortality at other pHs tested (4, 6, 7 and 8) (Sebire et al. 2018). The 
higher mortality achieved in the current study may reflect the choice of 
chemical used to alter pH and/or longer exposure times. 
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pH alteration was not effective in inducing complete mortality in 
Dreissena polymorpha. Mortality was low in the shorter exposure durations 
(2 hours) treatment, with the highest mortality of 44% at pH 4 exposure for 
8 hours (Table 2, Figure 2A). Interestingly, lower mortality was observed at 
more extreme pH values (Table 2) This could reflect a defensive behavioural 
response to the pH exposure; D. polymorpha may close their shells in 
response to external stimuli. This shell-closing ability has been seen in 
response to chemicals, predators and desiccation, with individuals remaining 
closed for up to three weeks (Borcherding and Wolf 2001; Aldridge et al. 
2006; Borcherding 2006; Dzierżyńska-Białończyk et al. 2019). The low 
mortality observed at pH 3 may reflect this avoidance behaviour, and may 
explain the limited effectiveness of 2 or 8 hour exposure to altered pH in 
inducing mortality in this species. 

Although previous studies have achieved high levels of mortality in 
D. polymorpha, they required very long (> 24 hours) exposure times. For 
example, using phosphoric acid Claudi et al. (2012) reported 38% mortality 
in adult D. polymorpha exposed for 31 days to pH 6.9. Bowman and Bailey 
(1998) continually exposed D. polymorpha adults for 31 days and the 
highest observed mortality was 84% at pH 9.5. Similar experiments 
exposing D. bugensis adults to PolyDADMAC for 9 day exposure resulted 
in 87% adult mussel mortality (Takeguchi and Yates 2012). RWT require 
the movement of very large volumes of water over a relatively short time 
period, meaning long exposure periods suitable to kill IAS are infeasible. 
The low mortality achieved in the current study indicates that pH does not 
appear to offer a suitable treatment option for biosecurity in this situation.  

Macrophytes  

No mortality of C. helmsii was observed in any of the pH treatments. 
Previous biosecurity investigations have similarly found C. helmsii to be 
resistant to a range of treatments. For example, no mortality was observed 
following 60 minutes immersion in 4% Virkon Aquatic (Bradbeer et al. 
2020a), or following 15 second exposure to 90 °C pressurised steam (Bradbeer 
et al. 2020b). Complete mortality of C. helmsii was reported following 
immersion in 45 °C water for 15 minutes and direct steam exposure for 10 
seconds (Anderson et al. 2015; Shannon et al. 2018; Crane et al. 2019). 
Whilst useful in application of biosecurity for equipment, such thermal 
treatments are not suitable for RWT.  

Altering pH resulted in no significant increase in mortality for 
H. ranunculoides compared to the control which also showed mortality. 
Previous research has shown H. ranunculoides is more vulnerable and less 
structurally rigid than C. helmsii to a variety of biosecurity methods such as 
high pressure sprays and disinfectants (Anderson et al. 2015; Bradbeer et al. 
2020b; Crane et al. 2020). The physical structure of these two invasive 
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macrophytes is notably different and may affect their vulnerability to 
biosecurity treatments. Mortality of H. ranunculoides in these studies may 
partly reflect structural damage. For example, full mortality has been seen 
for this species when exposed to 18 °C or 90 °C for 5 second durations of 
pressurised water spray (Bradbeer et al. 2020b). In the current study, the 
physical damage during treatment may have contributed to observed 
mortality of 24.1% in the control treatment. However, the highest mortality 
achieved in pH exposure was 50%, indicating the pH treatment would be 
only partially effective as biosecurity in RWT.  

Conclusions 

RWT poses a significant risk of accidental transport of IAS propagules, and 
presents a considerable challenge owing to the large volumes of water 
involved. Any interventions must consider downstream requirements for 
treatments that are environmentally safe and potable water supply. The 
aim of this study was to investigate whether altering pH, using chemicals 
utilised within drinking water treatment processes, was effective at causing 
mortality in aquatic IAS. Immersion in water of altered pH treatment had 
very limited effectiveness against invertebrate and macrophyte IAS suggesting 
that it is unlikely to be suitable as a biosecurity treatment in RWT. Whilst 
demonstrating this treatment is not suitable for considerations in biosecurity 
implementation in RWT by itself it highlights the opportunity to test already 
utilised technologies and treatments within the water industry operations 
to understand their potential for RWT biosecurity. Future research could 
investigate other chemicals used within drinking water treatment such as 
chlorine or could focus on potential mechanical methods such as filter 
screens. Furthermore, there may not be one type of treatment that achieves 
mortality of all IAS of concern and so furthering understanding of partially 
effective treatments remains of use to inform RWT biosecurity going 
forward. 
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