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Abstract

Live fish transportation is an essential component of aquaculture supply chains, yet it exposes fish to acute stressors including
confinement, crowding, mechanical disturbance, and progressive deterioration of water quality typically associated with sealed
transport systems. These stressors can impair welfare, disrupt physiological homeostasis, and increase mortality. This study
quantified transport stress responses in Oreochromis variabilis by evaluating mortality and changes in endocrine, metabolic, and
osmoregulatory indicators under low oxygen and high loading density conditions during road transport in sealed polythene bags.
Fish were packaged at five loading weights (1, 3, 5, 7, and 9 kg) under varying oxygen supply levels. Blood sampling was
conducted at the start and end of transportation to determine serum cortisol and glucose concentrations and plasma sodium (Na*)
and chloride (CI") ions. Mortalities remained low and did not differ significantly among treatments at 1-5 kg loading weights
(p > 0.05). However, mortality increased significantly at 7 and 9 kg loading weights (p < 0.05), indicating that excessive loading
density was the dominant risk factor for survival regardless of oxygen level. Cortisol and glucose concentrations increased
markedly after transport across all treatments compared with baseline (p < 0.01), confirming activation of the hypothalamic—
pituitary—inter-renal axis and stress-related metabolic mobilisation. Plasma Na* significantly declined post-transport (p < 0.05),
while CI” concentrations differed significantly between baseline and post-transport and varied with oxygen supply (p < 0.05),
suggesting impaired ion regulation in response to transport-induced hypoxia and crowding. Overall, the findings demonstrate
that high loading density intensifies transport stress in O. variabilis and compromises survival and physiological stability.
Optimisation of loading density and oxygen management is therefore recommended to improve welfare and reduce transport
losses in culture systems.
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1. Introduction

Live fish transport is an essential activity in aquaculture  grow-out farms, and markets. As aquaculture expands across
value chains, supporting the movement of juveniles, finger-  sub-Saharan Africa to strengthen food and nutrition security
lings, and market-size fish between hatcheries, nurseries,
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and reduce pressure on capture fisheries, transportation fre-
quency has increased and has become a routine husbandry op-
eration in many production systems [1, 2]. Despite its im-
portance, transportation is widely recognised as one of the
most stressful management procedures in aquaculture because
fish are exposed to simultaneous physical and chemical stress-
ors that may trigger severe physiological disturbance and
compromise welfare and performance [3-5]. Poorly managed
transport is therefore associated with mortality, reduced
growth, post-transport disease outbreaks, reduced product
quality, and delayed recovery, all of which translate into eco-
nomic losses for farmers and value-chain actors [6-8].

In teleost fish, stress can be defined as a biological state
where environmental or husbandry challenges threaten physi-
ological homeostasis, forcing the fish to activate compensa-
tory regulatory mechanisms [8, 9]. The stress response is often
described as a progressive cascade. Primary responses involve
neuroendocrine activation, particularly stimulation of the hy-
pothalamic—pituitary—interrenal axis and cortisol release. Sec-
ondary responses include metabolic and physiological adjust-
ments such as elevated glucose levels, altered acid-base bal-
ance, and disruption of ionic regulation. Tertiary responses oc-
cur at the whole-organism level and may include immune sup-
pression, reduced growth, reproductive impairment, and mor-
tality [6, 10-12]. Consequently, transport stress can be quanti-
fied through direct performance outcomes (survival/mortality)
and through endocrine, metabolic, and osmoregulatory bi-
omarkers that reflect internal physiological disturbance.

Low dissolved oxygen (hypoxia) is among the most influ-
ential drivers of transport stress, particularly where fish are
carried in sealed containers such as polythene bags. In sealed
systems, oxygen is rapidly consumed by respiration while car-
bon dioxide accumulates, lowering pH and impairing respira-
tory efficiency. At the same time, nitrogenous wastes, espe-
cially ammonia, build up and may become toxic depending on
temperature and pH [2, 13]. Hypoxia constrains aerobic me-
tabolism and triggers compensatory adjustments including in-
creased ventilation, altered cardiovascular activity, and mobi-
lisation of energy reserves, with stress intensity increasing as
exposure duration and severity rise [14, 15]. Even hypoxia-
tolerant species such as tilapias may experience significant
metabolic and endocrine disturbance when hypoxia occurs
simultaneously with confinement and progressive deteriora-
tion of transport water quality typically associated with sealed
systems [2, 16].

High loading density (overcrowding) interacts strongly
with oxygen limitation to intensify stress during transport. In-
creased density raises oxygen demand and accelerates deteri-
oration of water quality, creating a feedback mechanism in
which declining water conditions further stimulate physiolog-
ical strain [3, 7]. Crowding also increases physical contact and
agitation among fish, which may increase abrasions, fin inju-
ries, and energetic costs, thereby amplifying neuroendocrine
stress responses [4, 5]. In many cultured species, the relation-

ship between loading density and mortality is non-linear, char-
acterised by threshold points beyond which survival declines
sharply even when oxygen is increased, implying that density
management is often the critical determinant of transport suc-
cess [7, 17]. This issue is particularly important for small-
holder aquaculture where transport is commonly performed
using sealed bags, and farmers attempt to reduce costs by
packing fish at high densities.

Physiologically, the endocrine response to transport stress
is commonly reflected by elevation of circulating cortisol, a
glucocorticoid hormone central to energy mobilisation, osmo-
regulation, and modulation of immune function [6, 10]. In-
creases in cortisol are frequently accompanied by elevated
blood glucose due to enhanced gluconeogenesis and gly-
cogenolysis, enabling fish to meet increased energetic demand
during acute stress [8, 11]. These biomarkers are widely vali-
dated as sensitive indicators of acute stress in teleosts and pro-
vide a practical approach to evaluating transport-induced dis-
turbance [5, 12]. Transport stress also compromises osmoreg-
ulatory capacity because gill epithelia function in both gas ex-
change and ionic regulation. Under deteriorating water chem-
istry and hypoxia, changes in gill permeability and ion
transport may lead to significant electrolyte imbalance, often
reflected by reduced plasma sodium (Na*) and chloride (CI")
levels [18, 19]. lonic disturbance increases physiological
workload and may reduce post-transport recovery, especially
under combined crowding and oxygen limitation [2, 12].

Although transport stress research is extensive for Nile
tilapia (Oreochromis niloticus), relatively limited evidence
exists for Oreochromis variabilis, an indigenous tilapia of
ecological and conservation relevance in the Lake Victoria
basin. Species-specific differences in stress tolerance are
well documented, and best-management recommendations
derived from widely farmed species may not be directly
transferable to endemic species [8, 16]. In Western Kenya,
movement of live fish between hatcheries and farms is
common, and transport-related losses linked to crowding
and oxygen management are frequently reported by farm-
ers, suggesting a need for locally informed evidence to
guide transport protocols.

Therefore, this study quantified transport stress re-
sponses in juvenile Oreochromis variabilis under low oxy-
gen and high loading density during road transportation in
sealed polythene bags by assessing (i) mortality rate (%)
and (ii) endocrine, metabolic, and osmoregulatory bi-
omarkers, including serum cortisol, blood glucose, and
plasma Na* and CI* ions, measured before and after
transport. The findings are expected to support evidence-
based recommendations on loading density limits and oxy-
gen management, thereby reducing mortality, improving
fish welfare, and enhancing sustainability of O. variabilis
culture under smallholder conditions.
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2. Materials and Methods

2.1. Study Design and Transport Protocol

This study quantified transport stress responses in juvenile
Oreochromis variabilis exposed to combined stressors of high
loading density and reduced oxygen availability during road
transportation in sealed polythene bags. Live fish transport is
known to induce physiological disturbance due to handling,
confinement and progressive deterioration of water quality [20-
22]. The experiment followed a factorial arrangement where
fish were packaged at five loading weights (1, 3, 5, 7 and 9 kg
per bag) and supplied with four oxygen levels (25%, 50%, 75%
and 100%), with each treatment combination replicated three
times. The experimental unit was a single polythene bag.

Fish were transported by road from Kabonyo fish farm (Ki-
sumu County) to Dominion farm (Siaya County), a distance
of approximately 100 km. The journey lasted about two hours
at an average vehicle speed of approximately 50 km h"*mon-
itored at 10-minute intervals using the vehicle speedometer.
Transport was conducted in Styrofoam boxes to minimise
temperature fluctuation and thereby reduce metabolic oxygen
demand and mortality [21, 23]. Although oxygen was supple-
mented at the time of packaging, the design simulated realistic
sealed-bag transport conditions in which oxygen may progres-
sively decline with respiration while carbon dioxide and ni-
trogenous wastes accumulate, especially under high loading
density [22, 24].

2.2. Fish Collection, Acclimation and Biometric
Measurements

Juvenile O. variabilis (mean weight ~ 20 g) were harvested
using a seine net from grow-out ponds at Kabonyo fish farm.
To minimise capture-related stress and stabilise baseline phys-
iological conditions prior to treatment exposure, fish were
held for 24 hours in a nylon cage (approximately 1.5 mq) in-
stalled within the source pond [25, 26]. During acclimation,
pond temperature was maintained at 24 +1<C by topping up
with cool water stored in a farm reservoir.

At the end of acclimation, fish were measured for total
length (TL, cm) to the nearest 0.1 cm using a measuring board
and weighed to the nearest 0.1 g using an electronic balance
(Digtron T745). Fish were then allocated into treatment
groups corresponding to the loading weight treatments.

2.3. Packaging Procedure, Oxygen Treatments
and Temperature Control

Transport units were prepared using polythene bags con-
taining 10 L of water. Fish were stocked into bags at the as-
signed loading weights (1, 3, 5, 7 or 9 kg). For each loading
group, bags were supplied with oxygen according to the as-
signed oxygen level (25%, 50%, 75% or 100%) and sealed
immediately after oxygen introduction. Sealed bags were

placed in Styrofoam boxes to provide insulation and protect
fish from direct sunlight and mechanical shock during trans-
portation. Ice cubes were placed above sealed bags within the
Styrofoam boxes to maintain transport water temperature be-
low 18<C and reduce fish metabolism and oxygen consump-
tion during transit [21, 22].

Oxygen Levels

25% 0, 50% O, 75% 0, 100% O,

WO K

i‘_v,\;_a'i_u\x3 s\ =l g x3

WO W

1kg

Loading 5kg
Weights
S

\ ) | 3 Replicate Bags per Treatment

Figure 1. Factorial packaging design (five loading weights = four
oxygen levels, triplicate bags).

2.4. Blood Sampling Schedule

Transport stress was evaluated using baseline and post-
transport blood sampling. Baseline samples were obtained
prior to packaging to establish initial physiological status.
Post-transport samples were obtained immediately after arri-
val at Dominion farm, with sampling conducted separately for
each treatment bag to capture treatment-specific responses.

Fish were collected from each bag using a scoop net and
transferred into plastic basins containing water of similar tem-
perature to the transport bags to minimise thermal shock,
which can affect cortisol secretion and electrolyte balance [27,
28].

2.5. Anaesthesia and Blood Collection
Procedure

Fish were anaesthetised prior to sampling using 2-phenox-
yethanol (1:2000; Sigma-Aldrich, St. Louis, MO, USA). This
anaesthetic is widely applied in fish physiology studies be-
cause it provides effective sedation and facilitates safe collec-
tion of blood samples [27, 29]. After sedation, blood was with-
drawn from the caudal vasculature using heparinised 5 mL sy-
ringes fitted with 21-gauge needles. Fish were randomly sam-
pled from each bag, and the approximate sample size ranged
from 50 to 90 fish depending on bag loading.

Within each bag/treatment, blood from sampled fish was
pooled to generate a representative sample for biochemical
analysis. A portion of blood was deproteinised using 8% per-
chloric acid (PCA), while anticoagulant-free blood was trans-
ferred into 1.5 mL microcentrifuge tubes and refrigerated
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overnight in a slanted position to facilitate serum separation.
Samples were centrifuged at 4000 rpm for 4 minutes and the
serum/plasma fraction stored at —20 °C until analysis. These
handling and storage practices are recommended to preserve
hormone, metabolite and electrolyte stability during labora-
tory processing [26, 28].

2.6. Determination of Cortisol, Glucose and
Plasma lons

Serum cortisol concentration was quantified as the primary
endocrine indicator of transport stress and activation of the hy-
pothalamic—pituitary—interrenal axis [25, 26]. Cortisol was
measured using a commercial enzyme immunoassay kit (Cor-
tisol EIA Kit; Enzo Life Sciences International Inc., PA, USA).
Prior to analysis, serum was diluted by adding assay buffer to
10 L of serum to obtain a final volume of 100 i, and the
assay was performed at room temperature following manufac-
turer instructions.

Blood glucose was measured as a secondary stress indicator
of metabolic mobilisation, which commonly accompanies
acute crowding and hypoxia stress [31, 32]. Glucose concen-
tration was determined using a handheld glucose meter
(OneTouch Ultra; LifeScan, Milpitas, CA, USA). Approxi-
mately 10 pi of blood was applied onto a clean surface and
the test strip inserted until the confirmation window filled, af-
ter which glucose concentration was recorded in mg dL "%+

Plasma sodium (Na*) and chloride (CI) concentrations
were analysed as indicators of osmoregulatory disturbance,
given that transport-related hypoxia, CO, accumulation and
gill disruption can impair ion regulation [18, 19]. Electrolyte
concentrations were determined using ion-selective electrodes
(ISE) following established clinical chemistry procedures [31],
using Synermed ISE reagents.

2.7. Survival Assessment Following
Transportation

Survival was assessed immediately after transport by grad-
ually transferring fish from each bag into a wide open holding
tank (2 %2 x1 m) containing clean, well-aerated water. Dead
fish were removed and counted, and remaining fish were enu-
merated. Survival per bag was calculated from the initial num-
ber stocked minus the number of dead fish observed after
transport, with mortality expressed as a percentage. Mortality
and survival are widely used performance endpoints for as-
sessing transport tolerance in live fish transport studies [21,
22].

2.8. Water Quality Monitoring During
Transportation

Water quality parameters were measured immediately be-
fore fish packaging and immediately upon arrival at the desti-
nation to assess environmental changes associated with

sealed-bag transportation. Continuous measurements during
transportation were not conducted due to logistical constraints
associated with sealed-bag transport under field conditions.
Consequently, the before—after comparisons were used to
characterise the magnitude of water quality deterioration as-
sociated with transport. Dissolved oxygen (DO, mg L) and
temperature (<C) were measured in situ using a portable digi-
tal multiparameter meter (YSI ProPlus, YSI Inc., USA). Water
pH was determined using a calibrated handheld pH meter
(Hanna Instruments, USA). Total ammonia nitrogen (TAN)
was analysed colorimetrically using the Nessler method, while
unionised ammonia (NHs) was calculated from TAN, temper-
ature and pH according to standard conversion equations. Dis-
solved carbon dioxide (CO2) concentration was determined by
titration using standard acid—base methods. All analytical pro-
cedures followed standard methods for the examination of wa-
ter and wastewater [21-24].

2.9. Statistical analysis

Data were entered and checked for accuracy prior to analy-
sis. Mortality was expressed as percentage per experimental
unit (bag). Physiological indicators analysed included serum
cortisol, blood glucose, and plasma sodium (Na*) and chloride
(CI") concentrations. Effects of loading density and oxygen
level were assessed using two-way analysis of variance (two-
way ANOVA), with loading weight (1, 3, 5, 7 and 9 kg) and
oxygen level (25%, 50%, 75% and 100%) as fixed factors.
Tukey’s honestly significant difference (HSD) test was used
for post hoc comparisons where significant effects occurred.
Assumptions of normality and homogeneity of variances were
assessed using Shapiro-Wilk and Levene tests, respectively,
and data were log-transformed where required [32]. In addi-
tion, linear regression was used to examine the relationship
between loading weight and mortality. Differences in water
quality parameters before and after transport were evaluated
using paired t-tests. Statistical significance was accepted at p
< 0.05.

2.10. Ethical considerations

All handling and sampling procedures were conducted
with the intention of minimising stress and unnecessary
suffering. Fish were acclimatised prior to transport simula-
tion, anaesthetised before blood sampling, and transferred
carefully into recovery tanks following transport. Anaes-
thesia using 2-phenoxyethanol and caudal blood sampling
are established methods in fish physiology and are consid-
ered appropriate for reducing distress during sampling [29,
27]. No protected species were used, and procedures fol-
lowed accepted good practice standards for fish welfare
during experimental handling.
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3. Results

Transport stress significantly affected survival and physio-
logical stress indicators in juvenile Oreochromis variabilis.
Both loading weight and oxygen supply influenced percentage
survival (p < 0.05) and altered blood parameters (serum corti-
sol, glucose, plasma Na* and CI) at destination (p < 0.01).

Across all treatments, stress responses were expressed as in-
creased cortisol and glucose concentrations, accompanied by
reduced plasma sodium and chloride concentrations compared
with baseline values (Table 1). Overall, increasing loading
density progressively intensified stress responses and in-
creased mortality, while higher oxygen supply mitigated mor-
tality and moderated biochemical disturbances.

Table 1. Survival (%) and post-transport blood parameters of Oreochromis variabilis under different loading weights and oxygen supply levels.

Loading weight Oxygen (%0) Survival (%)
1 kg 25 100 30
50 100 27
75 100 24
100 100 20
3kg 25 67 48
50 70 45
75 85 40
100 98 37
5 kg 25 58 45
5kg 50 75 40
5kg 75 81 36
5 kg 100 86 30
25 22 73
50 33 65
75 40 45
100 65 38
9 kg 25 2 82
50 3 70
75 4 57
100 11 43

Cortisol

Glucose Sodium (Na*) Chloride (CI)
40 114 230
38 122 269
34 134 281
30 141 300
36 83 170
31 88 230
26 97 252
21 120 268
43 57 123
35 69 145
27 78 172
23 108 228
50 24 73
38 37 95
34 43 112
23 76 120
63 12 25
56 17 33
51 20 57
40 31 65

Note: Values are treatment means per bag (triplicate bags per treatment combination). Cortisol and glucose were measured from pooled blood
samples per bag. Plasma sodium (Na*) and chloride (CI) represent post-transport ion concentrations at destination.

3.1. Survival Response Following Transport

Survival was strongly affected by loading weight and oxy-
gen level, declining sharply as loading density increased and
improving with increasing oxygen supplementation. Fish
transported at the lowest loading density (1 kg) maintained
100% survival across all oxygen levels (25-100%). At 3 kg,
survival improved from 67% under 25% oxygen to 98% under

100% oxygen. Moderate loading (5 kg) recorded intermediate
survival (58-86%), while high loading treatments showed
marked losses: survival ranged from 22-65% at 7 kg, and only
2-11% at 9 kg. Although higher oxygen levels improved sur-
vival within all treatments, the effect was insufficient to pre-
vent severe mortality at extreme loading density (9 kg), indi-
cating that crowding became the dominant constraint even un-
der oxygen enrichment.
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Figure 2. Survival (%) of juvenile O. variabilis after transport as
influenced by five loading weights (1-9 kg) and four oxygen supply
levels (25-100%). Values represent means (triplicate bags).

3.2. Changes in Water Quality Before and After
Transport

Transport was associated with significant deterioration of
the aquatic environment within sealed bags, as reflected by
marked changes in dissolved oxygen, temperature, pH, am-
monia and carbon dioxide concentrations measured before
packaging and upon arrival at the destination (Table 2). These
parameters are key drivers of physiological stress in trans-
ported fish and provide mechanistic context for the observed
mortality and biomarker responses. Comparative analysis us-
ing paired t-tests confirmed that all measured water quality
variables differed significantly between pre- and post-
transport conditions (p < 0.001).

Table 2. Water quality parameters before and after transport of O. variabilis.

Parameter Before Transport (Mean +=SD)
Dissolved oxygen (mg L") 6.8 +04

Temperature (<T) 24.0x1.0

pH 7.4 0.2

Total ammonia (mg L) 0.12 +0.03

Unionised NHs (mg L) 0.003 +0.001

Carbon dioxide (mg L) 4.1+0.6

(Independent paired t-test comparing before vs after transport values)

Dissolved oxygen concentration declined sharply following
transport, indicating rapid respiratory oxygen consumption
under confined conditions. Although water temperature was
reduced through ice insulation, progressive accumulation of
metabolic wastes occurred, as evidenced by substantial in-
creases in total ammonia and dissolved carbon dioxide con-
centrations. The decrease in pH following transport reflects
acidification associated with CO; buildup and ammonia-re-
lated biochemical processes. Notably, unionised ammonia
reached levels known to impair gill function and ionoregula-
tion in tilapia species, particularly under combined crowding
and hypoxia stress. These water quality shifts confirm that in-
creasing loading density accelerated environmental deteriora-
tion within transport bags, thereby intensifying physiological
stress and mortality risk.

After Transport (Mean +=SD) t-value p-value
2.1+0.6 18.42 <0.001
175 +0.8 11.36 <0.001
6.5+0.3 9.27 <0.001
1.45 +0.25 16.89 <0.001
0.085 +0.014 15.21 <0.001
18.7 £2.3 14.77 <0.001

3.3. Cortisol Response to Combined
Overcrowding and Low Oxygen Stress

Serum cortisol concentration differed significantly among
treatments (p < 0.01) and increased consistently with loading
weight. The lowest cortisol values were recorded at 1 kg load-
ing (20-30 units), while the highest levels occurred at 9 kg
loading (43-82 units). Within each loading group, cortisol
tended to decrease with increasing oxygen level, indicating
that oxygen supplementation reduced stress severity. This ef-
fect was minor at low loading densities but became more pro-
nounced at higher loads, where cortisol hotspots were concen-
trated under combined high loading and low oxygen supply.
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Figure 3. Heatmap of serum cortisol concentration showing stress
intensity across loading weights and oxygen levels (darker zones in-
dicate higher cortisol).

3.4. Plasma Sodium (Na*) as an Indicator of
Osmoregulatory Disturbance

Plasma sodium concentration declined significantly follow-
ing transport compared with baseline (p < 0.05), reflecting os-
motic and ionic imbalance induced by transport stress. So-
dium levels were highest at low loading and high oxygen (e.g.,
141 units at 1 kg under 100% oxygen) and declined sharply as
loading density increased, reaching minimum levels under 9
kg loading at 25% oxygen (12 units). Within all loading
weight treatments, sodium generally increased with increasing
oxygen supply, suggesting partial recovery or reduced impair-
ment of ion regulation under improved oxygenation.
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Figure 4. Heatmap of plasma sodium (Na*) concentration across
loading weights and oxygen levels after transportation.

3.5. Plasma Chloride Response

Plasma chloride concentration showed a significant post-
transport decline compared with baseline values (p < 0.05) and
varied systematically with loading and oxygen treatments (Ta-
ble 1). Chloride concentrations were highest at low loading

densities (1 kg) and lowest under the highest loading density
(9 kg). Within each loading category, increasing oxygen sup-
ply improved chloride retention, indicating reduced osmoreg-
ulatory disturbance under higher oxygen availability.

Because chloride patterns closely mirrored sodium trends,
and because sodium and chloride are physiologically coupled
during ionoregulation, chloride results are presented in Table
1 without additional graphical presentation to maintain a con-
cise Results section.

4. Discussions

This study evaluated the combined effects of loading den-
sity and oxygen supply on survival and physiological stress
responses in juvenile Oreochromis variabilis during sealed-
bag road transportation. The findings demonstrate that
transport stress was strongly density-dependent and intensi-
fied under reduced oxygen supply, resulting in substantial
mortality and pronounced endocrine—metabolic and osmoreg-
ulatory disturbances. Across treatments, increasing loading
weight progressively reduced survival (Figure 2) while simul-
taneously elevating serum cortisol (Figure 3) and glucose and
reducing plasma sodium and chloride concentrations (Table 1;
Figure 4). These results are consistent with established
knowledge that live fish transport imposes multiple interact-
ing stressors—handling, confinement, overcrowding, and pro-
gressive water quality deterioration—that challenge physio-
logical homeostasis and compromise welfare and performance
[20-22]. Importantly, the study provides evidence that while
oxygen supplementation moderates stress effects, it cannot
fully compensate for excessive loading density, highlighting
crowding as the primary constraint to safe transport of O. var-
iabilis under typical smallholder transport systems.

4.1. Loading Density and Oxygen Supply as
Determinants of Survival During
Transport

Survival patterns indicate that transport tolerance in juve-
nile O. variabilis depends strongly on stocking load and sec-
ondarily on oxygen availability (Figure 2). At 1 kg loading,
survival remained 100% across all oxygen levels, suggesting
that at low density fish were able to maintain respiratory and
ionic balance despite confinement. However, survival de-
clined sharply from moderate to high loading, with particu-
larly severe losses at 7 kg (22—65%) and near-complete mor-
tality at 9 kg (2-11%) (Table 1; Figure 2). This steep decline
supports the principle that crowding increases stress intensity
by elevating metabolic oxygen demand and accelerating dete-
rioration of transport water quality through CO, accumulation
and nitrogenous waste build-up [21, 24]. Under high loading,
fish also experience increased physical contact, restricted
movement, and social stress (aggression and competition),
which further increases energy expenditure and physiological
strain even before oxygen becomes limiting [25, 26].
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Although increasing oxygen supply improved survival
within most loading treatments, the benefits diminished at
extreme density. For example, raising oxygen from 25% to
100% improved survival at 3 kg from 67% to 98% and at 7
kg from 22% to 65%, but even under 100% oxygen survival
at 9 kg reached only 11% (Table 1). This suggests that un-
der extreme crowding, oxygen supplementation alone is not
sufficient to prevent mortality because additional stress
pathways become dominant, including CO; narcosis, acid—
base disturbance, ammonia toxicity, and physical injury [20,
22, 24]. In sealed systems, oxygen may remain relatively
available due to supplementation, yet rising CO2 reduces
blood oxygen-carrying capacity and disrupts ventilation ef-
ficiency, while ammonia accumulation compromises gill
function, collectively creating conditions where survival
collapses regardless of oxygen enrichment. Thus, the
transport failure at 9 kg implies a physiological threshold
beyond which safe transport is unlikely without substantial
protocol changes.

4.2. Water Quality Deterioration as a
Mechanistic Driver of Transport Stress

The pronounced deterioration of water quality observed
following transport provides a mechanistic explanation for
the density-dependent stress responses recorded in O. var-
iabilis. Rapid depletion of dissolved oxygen coupled with
accumulation of carbon dioxide and ammonia is character-
istic of sealed-bag fish transport systems and has been
widely documented as a primary driver of transport-in-
duced mortality [21, 24]. Elevated CO; reduces blood oxy-
gen transport efficiency by inducing respiratory acidosis,
while increasing ammonia compromises gill epithelial in-
tegrity and disrupts ion exchange processes critical for os-
moregulation [13, 18].

The observed decline in pH further exacerbates physiolog-
ical stress by altering ammonia toxicity dynamics and impair-
ing respiratory efficiency. Under such conditions, fish are
forced to expend substantial energy to maintain acid—base and
ionic balance, which is reflected in the elevated cortisol and
glucose levels measured in the present study. Similar patterns
of water quality degradation and associated stress responses
have been reported in tilapia and other cultured species during
high-density transport, where ammonia accumulation and
CO, narcosis often become the dominant mortality drivers
even when oxygen supplementation is applied [7, 21].

Collectively, these findings confirm that loading density
governs the rate of environmental deterioration within
transport containers, thereby setting a physiological stress
threshold beyond which survival collapses regardless of oxy-
gen enrichment. Effective transport management must there-
fore prioritise density control alongside oxygen supply to min-
imise waste accumulation and maintain acceptable water qual-
ity conditions.

4.3. Cortisol Elevation Confirms Endocrine
Activation Under Combined Crowding and
Hypoxia

Cortisol is the primary endocrine mediator of acute stress in
teleost fish and reflects activation of the hypothalamic—pitui-
tary—interrenal axis, which coordinates behavioural, cardio-
vascular and metabolic responses enabling short-term adapta-
tion [25, 26]. In this study, serum cortisol increased systemat-
ically with loading density, reaching highest concentrations at
7-9 kg loading and being most pronounced under reduced ox-
ygen conditions (Table 1; Figure 3). The cortisol heatmap
clearly demonstrates that high loading and low oxygen pro-
duced a combined stress hotspot (Figure 3), indicating that hy-
poxia amplified the crowding-induced response.

Mechanistically, this cortisol elevation reflects multi-
stressor exposure: physical confinement, hypoxia-induced
chemoreceptor activation, and progressive internal water
chemistry stress. Under acute stress, cortisol mobilises energy
reserves by stimulating gluconeogenesis and glycogenolysis,
alters cardiovascular function to prioritise oxygen delivery,
and modulates ion transport processes at the gills [31, 32]. The
observed decrease in cortisol with increasing oxygen within
each loading category indicates that oxygen supplementation
reduced stress severity by improving respiratory stability and
preventing rapid progression into severe hypoxemia. This
aligns with transport physiology literature showing that main-
taining oxygen availability reduces cortisol elevation and im-
proves survival outcomes, especially in densely stocked
transport systems [21, 23]. However, cortisol remained ele-
vated even at high oxygen under extreme loading (9 kg), indi-
cating that the stress response was not driven by oxygen limi-
tation alone but by the broader transport stress complex.

4.4. Metabolic Mobilisation: Glucose Increase
as a Downstream Stress Outcome

Blood glucose is a key secondary indicator of acute
transport stress and typically increases following cortisol ele-
vation due to mobilisation of energy substrates needed to cope
with stress demands [31, 32]. In the present study, glucose
concentrations increased with loading density and decreased
with increasing oxygen supply (Table 1), mirroring the corti-
sol trend. This pattern suggests that metabolic disturbance es-
calated as transport conditions became more stressful, con-
sistent with the concept of a graded stress response where en-
docrine activation precedes metabolic mobilisation. Elevated
glucose under high loading likely reflects increased energy re-
quirements for sustained ventilation, swimming attempts, and
maintenance of physiological homeostasis under deteriorating
water quality conditions.

Under such conditions, fish may transition partly to anaer-
obic metabolism, leading to lactate accumulation and further
acid—base imbalance, contributing to fatigue and mortality [20,
21]. Thus, glucose elevation provides metabolic confirmation
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of the stress gradient observed in survival and cortisol re-
sponses.

4.5. lonoregulatory Disruption: Sodium and
Chloride Depletion Indicates Gill
Dysfunction and Osmotic Imbalance

A major strength of this study is the inclusion of plasma so-
dium and chloride as indicators of osmoregulatory stress.
Transport induced significant reductions in plasma Na* and CI
concentrations compared with baseline values, and the magni-
tude of depletion increased with loading density while being
partially alleviated by oxygen supplementation (Table 1; Figure
4). These changes reflect transport-induced impairment of gill
function and ionoregulatory capacity, triggered by hypoxia, el-
evated CO, increased ammonia, and physical abrasion under
crowding [18, 19, 24]. In teleost fish, the gills are not only the
primary site for gas exchange but also for ion uptake and acid—
base regulation, and stress-related disruption of branchial trans-
porters can lead to rapid electrolyte imbalance [18].

The sodium heatmap highlights a pronounced decline at
high loading and low oxygen (Figure 4), suggesting that com-
bined hypoxia and density stress strongly impaired active ion
uptake. Additionally, rising CO; in sealed bags causes respir-
atory acidosis, forcing fish to engage in acid—base compensa-
tion through ion exchange mechanisms that further disrupt so-
dium and chloride balance [18, 19].

Importantly, ion imbalance can directly increase mortality
risk by impairing cardiac function, neuromuscular activity and
overall osmotic stability, thereby providing a physiological
basis for the strong survival declines observed at 7-9 kg load-
ing (Figure 2).

4.6. Integrated Interpretation: A Density—
Oxygen Stress Threshold in Sealed-Bag
Transport of O. variabilis

Survival (Figure 2), cortisol (Figure 3), glucose (Table 1), and
sodium/chloride disturbances (Figure 4; Table 1) reveal a coher-
ent stress progression. The pattern suggests a transport stress
threshold where combined stressors shift from manageable to cat-
astrophic. In practical terms, this threshold appears to lie between
5 kg and 7 kg loading weight per 10 L transport bag for juveniles
of ~20 g under 2-hour transit conditions. Beyond this threshold,
oxygen supplementation yields diminishing returns because other
stressors dominate. This aligns with live fish transport studies in
other species, where safe transport depends on balancing density,
oxygenation, temperature control and waste management rather
than relying on oxygen alone [21, 22].

4.7. Implications for Aquaculture Transport
Management in Kenya

The results have direct implications for Kenya’s small-
holder systems where sealed-bag transport is common. Given

the steep mortality increase at >7 kg loading, farmers should
adopt conservative loading limits. Oxygen supplementation
remains valuable at moderate loads, but should be combined
with appropriate loading limits and temperature control. From
a welfare and biosecurity perspective, reducing stress is also
essential because stress predisposes fish to disease through
immunosuppression and vulnerability to opportunistic patho-
gens [25, 26].

4.8. Study Limitations and Future Research
Needs

Although key water quality parameters including dissolved
oxygen, temperature, pH, ammonia and carbon dioxide were
quantified before and after transportation, continuous moni-
toring during transit was not conducted due to logistical con-
straints associated with sealed-bag transport under field con-
ditions. Consequently, the precise temporal dynamics of water
quality deterioration could not be captured. Future studies
should incorporate real-time or interval-based water chemis-
try measurements to characterise rates of oxygen depletion
and waste accumulation under varying loading densities.

In addition, survival was assessed immediately upon arrival,
and delayed mortality associated with physiological exhaus-
tion, osmoregulatory failure and secondary stress responses
may have been underestimated. Incorporating post-transport
recovery observation periods (24—72 h) would provide a more
comprehensive evaluation of transport tolerance. Further re-
search should also explore additional stress biomarkers such
as blood lactate, oxidative stress indices and immune parame-
ters to deepen mechanistic understanding of transport-induced
physiological disturbance and resilience in tilapia species.

5. Conclusions

The present study demonstrates that juvenile Oreochromis
variabilis experience strong transport stress when exposed to
combined high loading density and reduced oxygen availabil-
ity in sealed-bag road transportation systems. Transport stress
significantly reduced survival and induced marked physiolog-
ical disruption, expressed as elevated serum cortisol and glu-
cose concentrations and reduced plasma sodium (Na*) and
chloride (CI) concentrations at destination. Mortality in-
creased progressively with loading weight, showing that over-
crowding is a primary driver of transport failure, while oxygen
supplementation provided partial mitigation by improving
survival and moderating stress biomarker responses. Notably,
oxygen enrichment alone could not prevent severe mortality
at extreme loading (9 kg per bag), indicating that transport
performance is constrained by crowding-associated water
quality deterioration and systemic physiological overload be-
yond oxygen limitation alone.

Overall, these findings confirm that loading density is the key
management factor determining safe transport of O. variabilis
juveniles under smallholder Kenyan conditions. The results
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support the adoption of conservative loading limits (<5 kg per
10 L bag for ~2 h transport under this protocol) and routine ox-
ygen supplementation to reduce mortality and preserve physio-
logical stability. Future studies should incorporate time-series
monitoring of transport water chemistry (DO dynamics, CO,
pH, ammonia) and evaluate post-transport recovery to refine
evidence-based transport guidelines and welfare-oriented best
practices for tilapia transport in East African aquaculture.
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