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Abstract

Non-native suckermouth armoured catfish Prerygoplichthys spp. have spread extensive-
ly across many river systems in Vietnam. It is possible that their expanded distribu-
tion occurred through the brackish waters of estuaries and coastal zones, facilitating
movement from one river system to another. It has been previously hypothesized that,
for successful dispersal through brackish water, armoured catfish can tolerate changes
in water salinity and are capable of avoiding high salinity levels that threaten their
survival. In this study, we experimentally estimated the movements and the direc-
tions of juvenile and adult wild loricariids in fresh and brackish water. Our results
showed that juveniles exhibit a circadian rhythm of locomotor activity similar to that
of adults. However, juveniles display a more pronounced reaction to increasing water
salinity — at 5 PSU — while adults respond at 15 PSU. This likely explains the absence
of juveniles in natural brackish water environments and their reduced potential to
spread through brackish waters compared to adults. Adult loricariids are likely capable
of recognizing and avoiding high-salinity zones (>10 PSU) by increasing locomotor
activity, predominantly directed toward the surface. Their ability to grasp air helps
maintain positive buoyancy, allowing them to remain in the surface layer of freshwater
over extended periods of time. Variability in salinity tolerance among adults (ranging
from 2 to 16 hours in 15 PSU) may enable some individuals to be more successful in
dispersing through estuaries and along coastlines.

Key words: Fish spread, locomotor activity, non-native fish, Prerygoplichthys spp., salinity
gradient, water salinity

Introduction

South American suckermouth armoured catfishes (Siluriformes: Loricariidae:
Prerygoplichthys) are globally popular as ornamental species (Novék et al. 2022).
These fish are transported worldwide in substantial quantities and have become inva-
sive in tropical and subtropical aquatic ecosystems, primarily through the ornamen-
tal fish trade (Orfinger and Goodding 2018; Saba et al. 2020). Unlike many other
freshwater fish, armoured catfish have a highly protected body with dermal plates

371


mailto:p-a-v@nxt.ru
mailto:mrtran_cnvb@yahoo.com
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3391/ai.2025.20.3.162564
https://doi.org/10.3391/ai.2025.20.3.162564

=) z?xquatic

£ nvasions
|NVMW[SNH The effect of brackish water on the movement patterns of armoured catfish

and various protective mechanisms (Ebenstein et al. 2015), which likely reduce pre-
dation risk, especially in new aquatic environments. In regions with favorable cli-
matic conditions, loricariids can establish new populations, reproduce extensively,
and spread rapidly (Orfinger and Goodding 2018; Zworykin and Dinh 2023; Marr
etal. 2024). Armoured catfish exhibit parental care, nest-building behavior, the pro-
duction of large eggs, and high fecundity rates (Gibbs et al. 2017; Orfinger and
Goodding 2018; Araujo and Langeani 2020), all of which contribute to their repro-
ductive success. These features are the reason why catfish have a potential to spread
in new bodies of water and successfully compete with native fish. Climate change
and global warming may further accelerate the spread of more adaptive non-native
species, posing significant threats to native fish populations (Alix et al. 2020).

Possibly, non-native loricariids could have a significant negative impact on
natural water ecosystems and human economic activities, also indicated by deci-
sion-support tools for Vietnam (Ruykys et al. 2021; Zworykin and Dinh 2023).
Adverse effects have also been associated with their burrowing activities, which
contribute to bank instability and erosion (Nico et al. 2012). It has been experi-
mentally shown that invasive Prerygoplichthys spp. impact the trophic ecology of
native fish (Quintana et al. 2023), with their diet remaining stable across different
density treatments. However, the diet of native fish deviated increasingly from
control values as catfish density increased (Parvez et al. 2023). The widespread
presence of armoured catfish in the Vietnamese Suoi Trau Reservoir likely reduced
native species diversity and biomass (Dien et al. 2025). Armoured catfish also cause
significant damage to fishing nets after capture (Pavlov et al. 2023b), resulting in
increased time and financial resources required for fishermen to check and repair
their gear. The spread of suckermouth armoured catfish to cultured ponds decreas-
es the productivity of carp aquaculture in India (Seshagiri et al. 2021). Conversely,
a single mesocosm study showed that the catfish appeared to have a positive impact
on the growth of wild rice (Zizania texana), likely due to their consumption of
algae on and around the plants (Norris 2017).

In the bodies of water of South Vietnam, Prerygoplichthys spp. was initially
recorded in 2003-2004 (Welcomme and Vidthayanom 2003; Serov 2004). By
2010, they rapidly spread to Central Vietham (Zworykin and Budaev 2013) and
Northern Vietnam (Levin et al. 2008). One alternative pathway for the spread
of non-native loricariids in lotic water bodies involves traversing brackish waters
(estuaries and coastlines) to reach new river systems (Capps et al. 2011; Pavlov et
al. 2023a). The availability of this pathway aligns well with the rapid expansion of
armoured catfish into Vietnamese rivers.

Loricariids are considered a strictly freshwater family of fish in their native range
throughout the Neotropics (Myers 1949). Nonetheless, there are several reasons to
consider the possible spread of loricariids through brackish waters. Our earlier field
studies (Pavlov et al. 2023a) revealed that loricariids inhabited riverine estuaries in
Vietnam with water salinity levels of up to 18 PSU. The genus Prerygoplichthys is
known to tolerate salinity levels of 15-16 PSU (Capps et al. 2011). Additionally,
some individuals can survive in high-salinity water (up to 15 PSU) for up to two
days (Dien et al. 2022). Salinity tolerance is one of several important physiological
features that determine expansion success and the pattern of dispersal of introduced
aquatic organisms between freshwater bodies through brackish waters (Cognetti
and Maltagliati 2000; Schofield et al. 2009). Specific environmental conditions,
such as seawater desalination and the presence of single river estuaries in Vietnam,
could further increase the likelihood of fish spreading through brackish waters (Pav-
lov et al. 2023a). For example, approximately 30% of freshwater fish in Vietnam
occupy brackish waters in estuaries and desalted coastal zones (Zworykin 2016).
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However, the availability of specific features of armoured catfishes that could
facilitate their successful spread through brackish waters remains uncertain. In the
original study, we focused on behavioral and physiological features that are likely
to increase the chances of armoured catfish rapid and successful dispersal through
brackish waters: the capacity for long-term directed movements and survival in
water of varying salinity. Our previous field studies (Pavlov et al. 2023a, b) showed
that adult armoured catfish can avoid increased salinity by horizontal and vertical
movements towards the water surface in estuaries. However, there is no evidence to
determine whether loricariids recognize changes in water salinity or whether their
movements are associated with other environmental conditions. If loricariids can
detect increasing salinity, how do they react, and how quickly? Additionally, we did
not find any juvenile loricariids in natural Vietnamese brackish waters (Pavlov et
al. 2023a, b). This observation is consistent with findings that juveniles of Prerygo-
plichthys spp. rarely occur in waters with salinity greater than 10 PSU (Capps et al.
2011). The phenomenon suggests that juveniles and adults differ in their tolerance
to water salinity and that age may influence the likelihood of successful dispersal.

The study aimed to experimentally assess changes in movement patterns and
directionality of juveniles and adults of the armoured catfish genus Prerygoplichthys
under the influence of brackish water.

Materials and methods

The study was conducted from February to March 2023 and was focused on the
suckermouth armoured catfish genus Prerygoplichthys (Siluriformes: Loricariidae). For
species identification, we used systematic keys (Armbruster and Page 2006), which
are based on the number of dorsal-fin rays and body color patterns. In the study, most
of the fish were identified as P disjunctivus, with some identified as 2 pardalis. How-
ever, it is possible that these fish were hybrids, as suggested by Godwin et al. (2016).

Fish catching and transfer to laboratory

Wild fish were captured in the Am Chua canal (12°17'26"N, 109°06'00"E) and the
Da Rang River (13°00'50"N, 109°11'35"E). The irrigation Am Chua canal is isolat-
ed from the Cai River by small dams that control the water supply to the rice fields.
These dams block armoured catfish movements from the Am Chua canal to the Cai
River and prevent their contact with brackish waters. The Da Rang River is one of
the largest river systems in Central Vietnam, with a length of 374 km and a basin area
of 13900 km?. This river forms a wide and extended estuary and flows into the East-
ern Sea. In the Da Rang River, armoured catfish can move downstream and come
into contact with brackish waters in the estuary. Previously, fish have been found in
both the freshwater and brackish water of the Da Rang River (Pavlov et al. 2023a).

In the Am Chua canal, we caught forty juvenile armoured catfish using a bottom
trawl (5 x 5 m with a mesh size of 10 mm) and transferred them to the laboratory.
In the freshwater zone of the Da Rang River, we used two types of fishing gear to
catch adult fish: ten sectional net traps and one vertical gillnet. The sectional net
traps, with a mesh size of 10 mm, were placed on the bottom. Each trap measured 9
meters in length and consisted of rectangular metal frames (0.3 x 0.2 m) positioned
0.3 meters apart. The traps were connected in a single line spanning 90 meters. The
vertical gillnet was 320 meters long, 2.5 meters high, with a mesh size of 22 mm.
Both fishing gears were set along the river banks (Suppl. material 1) once in the
afternoon (16:00, GMT+7) and checked five hours later (21:00, GMT+7). A total
of two hundred adult fish were transferred to the laboratory in two 50 L tanks.
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Fish maintenance

In the laboratory, one tank with a water volume of 50 liters was used to maintain the
juvenile fish stock. Adult fish were separated into 60 L tanks, each containing 40-50
fish. The tap freshwater (mineralization of 300 ppm) used in the laboratory was con-
ditioned by settling and aeration for two weeks in two 2000 L basins. The water in
the stock tanks was aerated and replenished once daily. The level of dissolved oxygen
in the water ranged from 7.0 to 7.2 mg/L, measured with a Pro Dissolved Oxygen
Meter MW600 (Milwaukee, USA). The water temperature was maintained between
25.5 and 26.5 °C. Illumination in the tanks was natural, passing through laboratory
windows, and varied throughout the 24 hours from 0.1 Ix to 100 Ix, measured with
a Lutron LX-1102 Lux Meter (Lutron Electronic, Taiwan). The illumination condi-
tions in the stock tanks resembled the natural conditions of the Am Chua canal (Sup-
pl. material 2). Juvenile and adult fish were fed once daily at 16:00 (GMT+7) with
Pro’s Choice Bottom Feeders tablets (Fwusow Industry, Taiwan) for demersal fish. Be-
havioral tests began after one week, once cumulative fish mortality did not exceed 5%.

Estimating locomotor activity

The protocol described in this article is published on protocols.io https://www.
protocols.io/private/94E6B54D66A71 1 EE9EF90A58A9FEACO02 and has been
verified (Pavlov et al. 2023b).

Three test apparatuses (Type 1) were used to evaluate the locomortor activity of ar-
moured catfish and their stress response in brackish water. Each apparatus consisted of
four 10 L glass aquaria, each measuring 20 x 22 x 20 cm (width x height x depth). To
minimize the risk of fish jumping out during the trial, each aquarium was filled with
5 L of water. Video cameras (SjCam A10, China) equipped with infrared lights were
positioned above each apparatus at a distance of 0.7 meters from the bottom (Suppl.
material 3). For preparing water with the required salinity, seawater (32 practical
salinity unit, PSU) was collected from Nha Trang Bay (12°13'03"N, 109°12'47"E),
conditioned by settling and aeration for two weeks. The dissolved oxygen level in the
seawater ranged from 7.0 to 7.2 mg/L. The seawater was mixed with freshwater in
appropriate proportions to achieve the desired salinity. Trials were conducted during
daytime hours, from 8:00 to 16:00 (GMT+7). At the start of the trial, one random
individual from fish stock was transferred into each apparatus. After the trial, the fish
were transferred into a recovery tank. Each fish was used only once for testing. The
water in the aquaria was replaced after each trial to remove fish metabolites.

The time duration of fish locomotor activity (LA) during each second of the trial
was estimated from video recordings using DVR-Scan v1.5.1 (Python Software
Foundation) for movement detection with consistent settings. The programming
module did not account for short-term twitches of the fish and interpreted them as
motionless. Based on the trial duration, individual locomotor activity during each
ten minute, one-hour or two-hour interval of the trial was assessed using normal-
ized values, calculated with the following formula:

LA =1 x100/T

Where: LA — locomotor activity during a specified time interval of the trial, expressed
as a percentage of ten minutes, one or two hours, t - duration of fish movements
during 7 time unit of the trial, 7— total time of fish movements during the entire trial.

The circadian activity of juveniles was estimated to exclude its influence on the
experimental design and to determine the optimal timing for the initiation and
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duration of the main behavioral tests involving brackish water exposure. We used
55 juveniles from Am Chua canal, with a standard body length of 8.4 cm (range:
6.3-11.8 cm) and a body weight of 11.8 g (range: 4.2-36.0 g). The tests were con-
ducted between 8:00 and 16:00 using test apparatus Type 1. Each trial lasted 25
hours and was recorded on video. Based on our previous data (Pavlov et al. 2023b),
the first hour was excluded from analysis because the fish were still experiencing
manipulation stress from transfer to the test apparatus. In total, 55 trials and 1320
hours of video recordings were analyzed.

To evaluate the effect of brackish water on juveniles, we transferred one ran-
domly selected individual from the fish stock to each Type 1 apparatus containing
either freshwater (0 PSU, control) or brackish water (5 PSU). The control group
was necessary to differentiate possible effects of manipulation stress from osmotic
stress (Fiol and Kiiltz 2007) during the trial. We used 39 juveniles from Am Chua
canal, with a standard body length of 8.7 cm (range: 6.6-11.2 cm) and a body
weight of 13.0 g (range: 4.7-30.6 g). Eighteen fish were transferred to freshwater,
and twenty-one to brackish water. The fish subjected to different water conditions
had similar length or weight (Student’s t-test: p > 0.7). Experiments were conduct-
ed from 8:00 to 14:00, with each trial lasting 6 hours and recorded via video. In
total, 39 trials and 234 hours of video recordings were analyzed. To evaluate the
effects of osmotic stress, we compared juvenile’s locomotor activity during six-hour
exposures at water salinity 0 PSU and 5 PSU.

To assess the influence of osmotic stress on locomotor activity and survival of adult
fish, we transferred one randomly selected individual from the fish stock to each Type
1 apparatus containing either freshwater (0 PSU, control) or brackish water at 5 PSU,
10 PSU, and 15 PSU. A total of one hundred fish from the Da Rang River were
used, with a standard body length of 15 cm (range: 9-23 c¢m) and a body weight of
60 g (range: 15-134 g). Twenty fish were used in each of the experiments at 0 PSU, 5
PSU, and 10 PSU, while forty fish were tested at 15 PSU to evaluate individual surviv-
al time at high salinity. The fish across the different exposure groups had similar length
and weight (Students t-test: p > 0.16). Experiments began between 8:00 and 14:00.
Each trial lasted 24 hours and was recorded. In total, 100 trials and 2400 hours of
video recordings were analyzed. To evaluate the effects of osmotic stress, we compared
locomotor activity of adult fish during six-hour exposures at different salinity levels.

Assessment of fish perception and avoidance of water salinity

Another three test apparatuses (Type 2) were used to assess armoured catfish per-
ception of water salinity and their navigation within a salinity gradient. Each ap-
paratus consisted of two paired 10 L glass aquaria (see Figure 1). Three exter-
nal side walls of the apparatus (excluding the long front wall) were covered with
semi-transparent white film. Each aquarium had a 22 mm hole in the center of its
bottom for freshwater or seawater inflow (32 PSU). The 22 mm tubes (internal
diameter 18 mm) were mounted through these holes, extending 30 mm above the
bottom of the aquaria and sealed with hermetic covers at the ends. Water inflow
was provided through six 3 mm holes evenly spaced around the perimeter of the
tubes, located 10 mm from the bottom. This hole placement minimized mixing
between seawater and freshwater. The other ends of the tubes were connected to
each other using 10 mm hoses via special fittings. The hoses were connected to an
aquarium pump (Eheim Bio-Flow 1000, placed in a 100-liter tank), which sup-
plied water to the paired aquariums. The discharge rate was regulated using a water
tap. To record fish behavior during the trials, GoPro Hero 8 cameras (GoPro Inc.,
USA) were positioned at the front of each apparatus.
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Figure 1. Scheme of test apparatus Type 2.
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Using apparatus Type 2, we aimed to maintain water salinity stratification — en-
abled by weak mixing between freshwater and seawater — within the apparatus,
thereby mimicking the natural stratification observed in the Da Rang River estuary:
seawater near the bottom and freshwater near the surface (Pavlov et al. 2023a).
We believe that this experimental design could provide valuable insights into the
movement patterns of wild armoured catfish under the influence of brackish water
in estuarine environments. To assess water salinity stratification, 4 liters of seawater
were supplied to the aquaria at a discharge rate of 6.7 x 107 L/s over a ten-minute
period (Suppl. material 4). This test was performed without fish in the apparatus.
Following Miyanishi and Uchida (2021), methylene blue was added to the seawater
for coloration and visual detection within the aquaria. Water samples were collected
from different depths, spaced at 2.5 cm intervals, using a glass pipette to assess salin-
ity changes during seawater inflow throughout the trial. Salinity measurements were
performed using an optical refractometer (RHS-10ATC, Kelilong Electron, China).
It was observed that, during ten minutes of seawater inflow in apparatus Type 2, sea-
water near the bottom exhibited weak mixing with freshwater (Suppl. material 5).

The experiments assessing fish perception and avoidance of seawater were conduct-
ed during the daytime when adult armoured catfish exhibited lower locomotor activ-
ity (Pavlov et al. 2023b). Therefore, the onset of increased locomotor activity follow-
ing seawater inflow was primarily attributed to the individual’s response to changes
in water salinity rather than to circadian rhythm. Laboratory illumination during the
experiment (from 7:00 to 14:00, GMT+7) was 100 Ix. At the beginning of each trial,
one randomly selected individual was transferred from the fish stock to each Type 2
apparatus containing 4 L of freshwater. The limited water volume was used because
loricariids are facultative air-breathers and often dwell in shallow water for aerial res-
piration (Gibbs et al. 2021) or for algae feeding (Power 1984). Fish were acclimated
in the apparatuses for thirty minutes before cameras were switched on. Ten minutes
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later, the pumps and water tap were activated to initiate inflow of freshwater or sea-
water into the apparatus. After an additional ten minutes of water inflow, the trial
and video recording were stopped. Fish body length and weight were then measured,
and individuals were transferred to a recovery tank with freshwater and aeration. In
the experiment, eighty adult armoured catfish from the Da Rang River were used:
forty fish subjected to freshwater inflow and forty to seawater inflow. The fish had a
standard body length of 15 cm (range: 10—19 cm) and a body weight of 61 g (range:
24-134 g). In total, 40 trials with 27 hours of video recordings were analyzed.

We used DVR-Scan v1.5.1 to measure the duration of fish locomotor activity
during the ten minutes before and during the ten minutes after water inflow, based
on video recordings. To evaluate the influence of water salinity on fish movement be-
havior, we compared locomotor activity values during freshwater and seawater inflow.
The analysis included the number and duration of fish movements in two directions:
near the bottom and vertical movements toward the water surface. Additionally, we
assessed the number and timing of aerial respiration events (Armbruster 1998; Gibbs
and Groff 2014; Gibbs et al. 2021) associated with vertical movements to the water
surface. We also recorded the number and duration (more than one minute) of events
when fish remained motionless in a vertical position along the wall of the aquarium.

Statistical data analysis

Statistical data analysis was conducted using Minitab 18.1. The Shapiro-Wilk test
was employed to assess the normality of the sample distributions. Parametric statis-
tics (Student’s t-test, Chi-Square test) were used when the p-value was greater than
0.05, indicating a normal distribution of the data set. Non-parametric statistics
(Kruskal-Wallis H test, Spearman’s rank correlation, Mann-Whitney U test) were
applied when the p-value was less than 0.05, indicating that the data set did not
follow a normal distribution. P-values less than 0.05 were considered indicative of
statistically significant differences between data sets, with multiple comparisons
corrected using Holm’s sequential Bonferroni procedure.

To analyze changes in locomotor activity of armoured catfishes, we used several
statistical tests. The distribution of individual diurnal locomotor activity during a
specified time interval of the trial did not follow a normal distribution (Shapiro-Wilk
test: p < 0.05). To evaluate the circadian rhythm (differences in locomotor activity
between two consecutive hours or trial intervals) of catfish, the Mann-Whitney U
test was used. Spearman’s rank correlation examined the relationships between av-
erage diel locomotor activity (minutes of fish diel activity per hour) and fish length
and weight. The Kruskal-Wallis H test was applied to assess changes in locomotor
activity of fish in freshwater and brackish water. The similarity of circadian rhythm
trends between juveniles and adults was assessed using the Chi-Square test.

To compare movement patterns and the duration of behavioral events of ar-
moured catfish in freshwater and brackish water, Student’s t-test was conducted.
The Chi-Square test was used to analyze differences in the timing distributions of
aerial respiration movements of fish in freshwater and brackish water.

Results

Circadian rhythm of locomotor activity of juveniles

Armoured catfish remained motionless on the bottom of the stock tank with fresh-
water during the daylight period. After the fish were transferred to test apparatus
Type 1, periods of locomotor activity alternated with inactivity.
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Figure 2. Locomotor activity (% of the one hour) of armoured catfish Prerygoplichthys spp. juveniles
from Am Chua canal. Numbers on the top of the graph indicate illumination of the time periods.
Gray color column indicates significant differences (Mann—Whitney U test (5 vs 6; 6 vs 7; 16 vs 17;
17 vs 18 and 18 vs 19): p = 0.0020; p < 0.0001; p < 0.0001; p < 0.0001 and p = 0.0067, n = 55) with
the previous column. Standard error (]).

Juveniles from Am Chua canal had an average diel locomotor activity 9.7 + 0.50
(3.0-17.8) minutes per hour (here and after before the brackets are the mean value
and its error; in the brackets are min and max). The diel changes of this parameter
did not correlate with length and weight (Spearmen correlation: r = 0.16, p > 0.27).
The fish were mostly active at nighttime (18:00—6:00) with 0 Ix illumination, con-
tributing to 77% of the total locomotor activity, compared to daytime (6:00—18:00)
(Mann—Whitney U test: p < 0.0001, n = 55) (Figure 2). Locomotor activity (LA, %
of the one hour) decreased by half (1.8 £ 0.19 (0.3-5.9) %) during the first two hours
after dawn (6:00-8:00) (Mann—Whitney U'test: p < 0.0001, n = 55). This parameter
in juveniles increased by 2.9 times (3.8 £ 0.40 (0.1-12.3) %) during the hour before
sunset (17:00—18:00) and reached its maximum values (10.1 £ 0.66 (1.9-22.9) %)
during 18:00-19:00 period, coinciding with sharp changes in illumination. After
that (19:00-20:00), LA gradually decreased to 7.4 = 0.54 (0.1-15.8) %.

Manipulation stress and salinity stress in juveniles

After juveniles were transferred to the test apparatus Type 1, their locomotor activity
(LA, % of the one hour) was similar in freshwater (0 PSU) and brackish water (5 PSU)
during the first hour: 7.9 + 1.74 (0.9-29.0) % and 10.0 + 1.41 (0.2-20.5) %, respec-
tively (Figure 3). In freshwater, fish locomotor activity decreased by 2.2 times during
the second hour of exposure, reaching 3.6 = 0.79 (0.2-11.1) % (Mann—Whitney U
test: p = 0.0237, n = 18). Despite this, at the second hour, the locomotor activity of
juveniles in brackish water remained stable at 10.1 £ 1.39 (0.6-23.2) % and was 2.8
times higher compared to fish in freshwater. During the following hour, the locomotor
activity of fish in brackish water was more than 2.5 times higher than in freshwater: 5.9
1 0.89 (0.9-20.1) % and 2.4 + 0.45 (0.1-7.0) %, respectively. From the fourth to the
sixth hour, locomotor activity in fish from both 0 PSU and 5 PSU remained similar.
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Figure 3. Locomotor activity (% of the interval timing) of armoured catfish juveniles Prerygoplichthys spp. under freshwater 0 PSU (white

columns, n = 18) and brackish water 5 PSU (gray columns, n = 21) exposure for six hours. * — indicate significant differences between

intervals timing. Standard error (|).

10 1
a a ab b 00 PSU
o5PsSU
1 010 PSU
° m15 PSU
=
g 61
©
8 |
§ l a ab a b a @ 5 b
o
E 1 I I
S l [ I I
- |
I l
2 1 1
0
2 4 6
Time, hours

Figure 4. Locomotor activity (% of the two-hour interval) of adult armoured catfish Prerygoplichthys spp. from the Da Rang River during
six hours after transfer to test apparatus Type 1 with different water salinities (0 PSU, 5 PSU, 10 PSU, 15 PSU). Different letters (a vs b)
indicate statistical differences by Mann—Whitney U test between two values of locomotor activities during two hours. Standard error ().

Effect of different salinity water on osmotic stress and survival
time of adult fish

All tested adult fish survived after 24 hours of exposure to water salinity levels of
0 PSU and 5 PSU. One fish died in water salinity of 10 PSU. Fish remained alive
in water salinity of 15 PSU on average for 5.6 + 0.37 (3.0-16.0) hours. Sixty-five
percent of the fish died between 3 and 6 hours of exposure at 15 PSU. Some fish
(12.5%) died between 2 and 3 hours, and 20% died between 6 and 12 hours. One
fish (2.5%) remained alive for 16 hours. The timing of fish survival showed a weak
correlation with fish weight (Spearmen correlation: r = 0.32, p = 0.047, n = 40).
After adult fish were transferred to the test apparatus (Type 1), their locomo-
tor activity (LA, % of the two-hour interval) remained consistent in freshwater,
5 PSU, and 10 PSU water salinity over six hours of exposure (Figure 4). During
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the first two hours, LA of fish in water salinity of 15 PSU was higher (7.8 £
0.63 (0.6-26.7) %) than in freshwater (4.9 + 0.66 (0.1-15.6) %) and water
salinity of 5 PSU (3.6 £ 0.48 (0.3-12.8) %), by 1.6 and 2.2 times respectively
(Mann—Whitney U test: p = 0.0052, n = 40; p < 0.0001, n = 40). During the
subsequent two hours, LA in fish from 15 PSU decreased (1.6 £ 0.13 (0-5.1)
%) by 2.2 times compared with freshwater (3.4 + 0.51 (0.1-12.3) %) and by
2.5 times compared to water salinity of 10 PSU (3.9 £ 0.42 (0.5-11.4) %)
(Mann—Whitney U test: p = 0.0094, n = 40; p < 0.0001, n = 36). This trend
persisted during the last two hours of observation: locomotor activity of fish
from 15 PSU decreased to 0.8 + 0.14 (0-5.3) %, which was 3.9 and 4.5 times
lower than in freshwater (3.1 £ 0.65 (0.2-13.9) %) and 10 PSU water (3.5 *
0.59 (0.6-14.0) %) respectively (Mann—Whitney U test: p < 0.0001, n = 40; p
< 0.0001, n = 36).

Fish movement patterns in salinity gradient

Armoured catfish alternated periods of movement and inactivity during ten min-
utes before water inflow into test apparatus Type 2. We observed various behaviors:
predominantly lying motionless on the bottom or rarely pressing vertically against
the aquarium wall; moving horizontally along the walls; or rising towards the water
surface. In some cases, fish surfaced for aerial respiration, breathing out air bubbles
and then taking in new air from the surface. Prior to freshwater or seawater inflow,
the fish exhibited similar levels of locomotor activity (Kruskal-Wallis H test: H,

= 0.3; adjusted p = 0.6) (Table 1). The average duration of a single locomotor
act1v1ty event was 3 + 0.1 (1-9) seconds. We did not find any influence of move-
ment type on the duration of events before or during freshwater or seawater inflow
(Student’s #test: p > 0.05, n = 40).

Fish locomotor activity decreased by 2.9 times ten minutes after freshwater in-
flow compared to their activity during the ten minutes before water inflow (Krus-
kal-Wallis H test: H =9 adjusted p = 0.0010) (Table 1). During the freshwater
inflow period, 80% of the fish remained motionless. The remaining 20% moved
in horizontal and vertical directions; two fish remained in a vertical position along
the aquarium walls. Only one instance of aerial respiration behavior was observed
during freshwater inflow.

The value of fish locomotor activity before and during seawater inflow was
similar (Kruskal-Wallis A test: H . =02 adjusted p = 0.6) (Table 1). During
the period of increasing seawater in the aquarium, only 22.5% of the fish were
inactive. The remaining 87.5% primarily moved horizontally. Seventeen fish al-
ternated between periods of movement and inactivity while positioned vertically
against the aquarium wall. The average duration of inactivity was more than three
minutes. When positioned vertically, the fish’s gill slits were in the freshwater
zone (Suppl. material 6). Vertically, the fish predominantly moved toward the
water surface for aerial respiration. A total of 22 aerial respiration events were
recorded during seawater inflow.

Fish in seawater inflow spent 1.6 times more time performing aerial respiration
movements compared to fish in freshwater (Students t-test: p > 0.05, n = 40)
(Table 1). Additionally, the timing distributions of aerial respiration movements
did not match between the two groups (Chi-Square test: p < 0.0001, n = 40).
Some fish exhibited neutral or positive buoyancy of the body or only the tail part
during seawater inflow (Suppl. material 7). This buoyancy effect was typically ob-
served after their aerial respiration movements.
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Table 1. Behavioral patterns of armoured catfish Prerygoplichthys spp. under freshwater and seawater exposure.

Freshwater exposure Seawater exposure
Pattern Before freshwater | During freshwater | Before seawater During seawater
inflow inflow inflow inflow
Nonactive fish, % 40.0 80.0 35.0 22.5
Locomotor activity, % 7.5+ 1.48 2.6 £ 1.15 9.4+ 1.84 8.2+ 1.23
(0-31.0) (0-34.0) (0-40.0) (0-27.0)
Number of horizontal movements 33 16 45 51
Total duration of horizontal movements, seconds 90 48 113 150
Number of vertical movements ! 51 10 77 11
Total duration of vertical movements, seconds 145 32 207 33
Number of aerial respiration events 12 1 6 22
Aerial respiration time of one event, seconds 4.3 +0.64 (1.0-9.3) 6.9 £0.39
(3.8-10.0)
Percentage of fish in vertical position, % 5 43
Beginning of fish vertical position, minutes 6.5+ 1.50 491043
(5.0-8.0) (2.0-7.0)
Duration of fish vertical position 3.5%1.50 3.4+ 0.42
(2.0-5.0) (1.0-7.5)

Note. Number and duration of fish vertical movements exclude aerial respiration movements.

Discussion

Our laboratory mesocosm experiments offer a straightforward method of evaluating
behavioral responses (movement) of non-native armoured catfish when exposed to
elevated salinity level, providing insights into trends observed in our previous field and
experimental studies (Pavlov et al. 2023a, b). Particularly, the results of these studies
showed that Prerygoplichthys spp. occur in Vietnamese river estuaries, including in
brackish water, and they move horizontally and vertically through zones with varying
water salinity. In the present study, we assessed the range of movement reactions and
survival of the fish across different salinity levels of brackish water. Overall, the results
indicated that wild armoured catfish can recognize brackish water habitats, which like-
ly allows them to avoid zones with high salinity. Further in the article, we focus on the
investigated data, which provide insights into the possibilities and risks of non-native
armoured catfish spreading through brackish waters to new aquatic environments.

Locomotor activity of juveniles in freshwater and brackish water

Juvenile loricariids from Am Chua canal were predominantly active (77% of total
diel locomotor activity) during nighttime (18:00—-6:00, GMT+7). Our previous
data (Pavlov et al. 2023b) also showed that adult armoured catfish from this canal
were mostly active at night, accounting for 77% of their total diel locomotor activ-
ity. Overall, the diel activity patterns of juveniles and adults from the same body of
water were similar. This suggests that both age groups have comparable locomotor
activity rates in the same water volume (10 L) and that this does not cause stress to
the fish. We hypothesize that the circadian rhythm of Prerygoplichthys spp. locomo-
tor activity remains largely unchanged during ontogeny, provided environmental
conditions are predominantly stable. Our findings align with Lloyd et al. (2023)
hypothesis that the total locomotor activity and duration of rest are robust across
life stages, while the timing of rest-activity patterns is influenced by ontogeny.
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Typically, fish circadian rhythms are strongly regulated by natural light cycles.
However, other environmental factors such as water temperature, chemistry, food
availability, social interactions, or predation risk can also act as potential synchro-
nizers (Reebs 2002; Zhdanova and Reebs 2006). For example, food availability has
been shown to regulate armoured catfish movement patterns (Nico 2010). Addi-
tionally, saline water inflow during high tide altered the timing of armoured catfish
locomotor activity in the estuary (Pavlov et al. 2023b). This further indicates that
in new habitats, armoured catfish are capable of adapting to various adverse envi-
ronmental factors, which explains their successful spread across different types of
Vietnamese water bodies (Zworykin and Budaev 2013; Dien et al. 2023; Dien et
al. 2025). Possibly, in homogeneous habitats, the species exhibits similar biological
rhythms, as observed for juveniles and adults from Am Chua canal.

When juveniles were transferred to water salinity of 5 PSU (test apparatus Type
1), they experienced two types of stress: manipulation stress and osmotic stress.
During the first hour of exposure, the locomotor activity of fish in freshwater and
brackish water was similar. However, during the second hour, locomotor activity
of fish in freshwater significantly decreased compared to the first hour of the trial.
This is consistent with results obtained for adult armoured catfish, whose manip-
ulation stress noticeably diminished during the second hour after transfer from a
freshwater stock tank to a freshwater test aquarium (Pavlov et al. 2023b). Nonethe-
less, juveniles in water salinity of 5 PSU displayed higher activity values during the
second and third hours after transfer compared to fish kept in freshwater. During
the subsequent three hours (4"—6™ hours), locomotor activity in fish in both fresh-
water and brackish water remained stable. Therefore, the duration of osmotic stress
(exposure to 5 PSU) in juveniles was approximately three times longer than ma-
nipulation stress. This suggests that salinity levels up to 5 PSU are sufficient for
juvenile armoured catfish to recognize and attempt to escape from such conditions.

Influence of water salinity levels on the locomotor activity and
survival time of adult fish

We exposed adult fish to four water salinity concentrations (0 PSU, 5 PSU, 10 PSU,
15 PSU) to evaluate osmotic stress. During the six-hour experiment, there was no
significant difference in locomotor activity among fish from water salinity of 0 PSU,
5 PSU, and 10 PSU. We propose that salinity levels below 10 PSU exert only a weak
influence on adult fish locomotor activity. It remains unclear whether adults are ca-
pable of recognizing water salinity up to 10 PSU. However, this ability may not be
critically important for their survival, as they exhibited a low mortality rate (13.9%)
during prolonged (two-day) exposure to water salinity of 10 PSU (Dien et al. 2022).
Our results indicate that adult armoured catfish have greater tolerance to brackish
water than juveniles, which become stressed at a water salinity of 5 PSU. The high
sensitivity of juveniles to saline water and their elevated locomotor activity may
enable them to avoid such habitats, explaining their absence in estuaries compared
to adults. For example, armoured catfish with standard lengths over 11 cm were
captured (using bottom net traps with a 10 mm mesh size) in the Da Rang River es-
tuary (Central Vietnam), where water salinity exceeded 4 PSU (Pavlov et al. 2023a).
Similar patterns were observed in brackish-water habitats (4-8 PSU) of rivers in
southeastern Mexico, where juveniles of Prerygoplichthys spp., with standard lengths
0f 5.0-9.9 cm, were found only in waters with salinity < 4 PSU (Capps et al. 2011).

During the first two hours of our experiment with different water salinity expo-
sures, the locomotor activity of adult fish in water salinity of 15 PSU was significant-
ly higher compared to that of fish in lower salinity concentrations. This indicates
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that the osmotic stress at 15 PSU surpassed the effects of manipulation stress. By
the third hour, locomotor activity in fish from 15 PSU water significantly decreased
compared to adults in lower salinities. But the decline in activity at 15 PSU was
likely associated with respiratory failure and subsequent mortality. According to
Armbruster (1998), loricariid catfishes have evolved several adaptive modifications
of the digestive tract (enlarged stomach and thinning its wall, U-shaped or ringlike
diverticulum), that appear to function as accessory respiratory organs. Possibly, the
water salinity of 15 PSU impairs both gill respiration and facultative aerial respi-
ration in fish, leading to mortality after sixteen hours of exposure. However, some
adult Prerygoplichthys spp. can survive in water salinity of up to 15 PSU for two days
if they are pre-acclimated through a gradual increase in salinity (Dien et al. 2022).
The short survival time observed in our study may be due to the lack of preliminary
acclimatization. Prolonged exposure to high salinity over generations can lead to
adaptive changes that increase salinity tolerance in freshwater macroinvertebrates
(Kay et al. 2001; Kefford et al. 2004). Additionally, the brief survival period could
be explained by the fact that fish from Am Chua canal have not had contact with
brackish waters during their ontogeny. Additionally, armoured catfish in estuaries
may tolerate higher salinities than fish from permanent freshwater environments.
The individual survival time of adult fish at water salinity of 15 PSU varied sig-
nificantly, ranging from two to sixteen hours. Notably, 65% of the fish died between
3 and 6 hours of exposure. Our results align with findings that armoured catfish can
survive in water salinity up to 16 PSU for a few hours (Capps et al. 2011; Kumar et
al. 2018). The high variability in survival times indicates a broad range of individ-
ual adaptive potential to high salinity. This variability may cause some individuals
to remain in high-salinity water for significantly longer periods than others. We
highlight salinity tolerance and high locomotor activity as a key factor underlying
the successful expansion of armoured catfish into various natural water ecosystems.
Based on the “restricted movement paradigm” (Gowan et al. 1994), which likely ap-
plies to armoured catfish (Hay et al. 2022), populations composed of heterogeneous
mixes of a large number of stationary fish and a small number of mobile fish. Al-
though the proportion of adults possessing these advantageous traits may be small,
they are likely primarily responsible for facilitating the species’ dispersal.
Obviously, several environmental factors could facilitate the successful spread
of armoured catfish through estuaries and coastlines. For example, the mouths of
new rivers are often located in areas where salinity is lower due to the mixing of
freshwater and seawater. Additionally, fish tend to move along the surface freshwa-
ter plume, which is common in estuarine systems dominated by freshwater (Pavlov
et al. 2023a). Such conditions are observed in Nha Trang Bay (Central Vietnam),
situated between the estuaries of the Cai River and Be River, where surface water sa-
linity varied noticeably from 0.5 PSU to 27.0 PSU (Nezdolii et al. 2014). Based on
our findings, non-native adult armoured catfish may spread to new rivers via brack-
ish water, facilitated by their high salinity tolerance and favorable environmental
conditions. Moreover, the likelihood of their successful dispersal increases if they
are capable of recognizing and avoiding high-salinity zones during such movement.

Fish movement pattern in water salinity gradient

Many studies on loricariids salinity tolerance have been conducted through experi-
ments (Brion et al. 2013; Kumar et al. 2018; Dien et al. 2022; Pavlov et al. 2023a) and
field observations (Capps et al. 2011; Lai et al. 2020; Pavlov et al. 2023a). Typically, in
field studies, the salinity tolerance range of catfish was inferred from their occurrence
in different types of fishing gear. While this approach is valuable, it provides only an
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approximate estimate due to the influence of complex and dynamic factors present in
natural environments. In contrast, experimental studies involve controlled exposure of
armoured catfish to water with specific salinity levels, with each solution maintained
for a defined time period during the trial. However, in estuarine habitats, fish respond
not to stable conditions but to fluctuating salinity gradients (Hartog 1974; Mateus
et al. 2008; Geyer 2010). Clearly, in the wild, fish can move in various directions and
encounter a range of habitat conditions, unlike the static conditions in an aquarium.
Based on this conception, we developed and utilized test apparatus Type 2 to assess
armoured catfish movement patterns in water with a dynamic salinity gradient.

In this study, we simulated a rapid (ten-minute) increase in water salinity near
the bottom of the test chamber. Such conditions can occur in stratified estuaries
with wide salinity ranges influenced by the ebb and flow of tides. For example,
armoured catfish have been found in the brackish waters of the Da Rang River
estuary in Central Vietnam, where high salinity stratification occurs with water
salinity ranging from 4 to 25 PSU near the bottom (Pavlov et al. 2023a). Similar
salinity conditions were recreated in our experiment. Two main factors influenced
fish locomotor activity in the test apparatus: the level of water and changes in water
salinity. Fish exhibited significantly higher locomotor activity prior to water inflow.
After freshwater inflow, the percentage of active fish and their total locomotor ac-
tivity decreased, coinciding with the increase in water level in the aquarium from
10 cm to 20 cm (Table 1). The high activity levels observed at low water levels at
the beginning of the test may be related to the fact that adult armoured catfish nat-
urally inhabit deeper habitats than those simulated in our experimental conditions.

The inflow of seawater altered the movement patterns of armoured catfish. Spe-
cifically, the species exhibited several responses to increasing water salinity: a shift
from a static horizontal position to a static vertical position (observed in 43% of
fish), an increase in the number of active fish (82.5%), and a rise in both the num-
ber (by 3.7 times) and duration (by 1.6 times) of aerial respiration movements.
These behavioral responses varied among individuals. The high locomotor activity
observed may be related to a behavioral strategy aimed at avoiding high salinity
water. However, fish in the vertical static position did not engage in active move-
ment, likely because their gill slits remained in the freshwater zone during the trial.

Our results demonstrated that fish engaged in aerial respiration more frequently
during seawater inflow than during freshwater inflow. We hypothesize that this is
due to the blocking of gill respiration caused by high water salinity (>15 PSU),
prompting fish to compensate through facultative breathing. In natural conditions,
surfacing to the water surface may help fish avoid high salinity at the bottom. In the
wild, armoured catfish often swim near the surface in both freshwater and brackish
water (Pavlov et al. 2023b). In natural conditions, the lower reaches of rivers often
exhibit strong stratification between freshwater and higher salinity layers, which
enables armored catfish to access surface areas without exposure to elevated salinity
levels. Our data also indicate that aerial respiration can occasionally lead to changes
in buoyancy, shifting from negative to neutral or positive, especially in brackish wa-
ter. This phenomenon is likely due to morphological modifications of the digestive
tract in loricariid catfish, which facilitates holding air (Armbruster 1998). We hy-
pothesize that this trait helps maintain the fish within the low-salinity surface layer.

Conclusions

Our results confirmed that juvenile armoured catfish exhibit a circadian rhythm of
locomotor activity similar to that of adults; however, juveniles display a more pro-
nounced reaction to increasing water salinity — at 5 PSU — whereas adults respond
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at 15 PSU. This likely explains the absence of juveniles in natural brackish water
environments. Additionally, juveniles appear to have a reduced capacity for dis-
persal through brackish waters compared to adults. Adult loricariids are likely able
to recognize and avoid high-salinity zones (>10 PSU) by increasing locomotor
activity, mainly directed toward the surface. Their ability to grasp air facilitates the
maintenance of positive buoyancy, enabling them to remain in the surface layer of
freshwater for extended periods without significant energy expenditure. Variability
in salinity tolerance among individual adults (ranging from 2 to 16 hours in 15
PSU) may allow some individuals to be more successful in spreading through estu-
aries and coastlines. We hypothesize that the risk of non-native loricariid invasion
depends on a combination of species-specific traits (such as facultative breathing
and body buoyancy regulation), individual characteristics (including rapid recog-
nition of high salinity, high salinity tolerance, and elevated locomotor activity),
and environmental conditions—particularly the proximity of freshwater zones or
the presence of areas with reduced salinity along dispersal pathways.
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Supplementary material 1

Y,

Scheme of fishing gears mounting in the Da Rang River

Authors: Efim D. Pavlov, Tran Duc Dien, Ekaterina V. Ganzha

Data type: jpg

Explanation note: figure S1. Scheme of fishing gears mounting in the Da Rang River. n — vertical
gillnet along the shores, nt — net traps near shore. Arrow (—) indicates the water flow direction.

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.
Link: https://doi.org/10.3391/ai.2025.20.3.162564.suppl1

Supplementary material 2
Illumination in the mid-water and near the bottom of Am Chua canal

Authors: Efim D. Pavlov, Tran Duc Dien, Ekaterina V. Ganzha

Data type: jpg

Explanation note: figure S2. Illumination (Ix) in the mid-water (depth 0.5-0.6 m) and near the bot-
tom (depth 1.2 m) of Am Chua canal at 12:00 (GMT+7); the surface illumination was 100000 Ix.

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.
Link: https://doi.org/10.3391/2i.2025.20.3.162564.suppl2

Supplementary material 3
Scheme of test apparatus Type 1

Authors: Efim D. Pavlov, Tran Duc Dien, Ekaterina V. Ganzha

Data type: jpg

Explanation note: figure S3. Scheme of test apparatus Type 1.

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.
Link: https://doi.org/10.3391/2i.2025.20.3.162564.suppl3
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Supplementary material 4

Q)

Dynamic of water salinity increasing during seawater inflow in the test
apparatus type 2 during the trial

Authors: Efim D. Pavlov, Tran Duc Dien, Ekaterina V. Ganzha

Data type: jpg

Explanation note: figure S4. Dynamic of water salinity increasing during seawater inflow (numbers
on the graph, PSU) in the test apparatus Type 2 during the trial.

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.
Link: https://doi.org/10.3391/ai.2025.20.3.162564.suppl4

Supplementary material 5
Seawater inflow on 6" minute of the trial in the test apparatus

Authors: Efim D. Pavlov, Tran Duc Dien, Ekaterina V. Ganzha

Data type: jpg

Explanation note: figure S5. Seawater inflow (blue color) on 6" minute of the trial in the test appa-
ratus Type 2.

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.
Link: https://doi.org/10.3391/2i.2025.20.3.162564.suppl5

Supplementary material 6
Fish moved to vertical positions in aquaria during seawater inflow

Authors: Efim D. Pavlov, Tran Duc Dien, Ekaterina V. Ganzha

Data type: mp4

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.
Link: https://doi.org/10.3391/2i.2025.20.3.162564.suppl6

Supplementary material 7

Positive buoyancy of the fish body under seawater inflow. The playback
speed is set to 4x

Authors: Efim D. Pavlov, Tran Duc Dien, Ekaterina V. Ganzha

Data type: mp4

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.
Link: https://doi.org/10.3391/ai.2025.20.3.162564.suppl7
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