
ABSTRACT 

Recently, subcellular metal partitioning has been used for assessing metal 

toxicity in aquatic organisms. In reality, the environmental metal concentration is 

tended to be fluctuation and pulse as a result of the site-specific water chemistry 

conditions. But little researches have been studied by using the subcellular 

partitioning for aquatic organisms exposed to pulsed metals in the field of 

ecotoxicology. Hence, the purposes of this dissertation were: (i) to develop an 

integrated toxicological model by linking subcellular partitioning and 

toxicokinetic/toxicodynamic (TK/TD) models with the experimental data of pulsed 

copper (Cu)-tilapia (Oreochromis mossambicus) system and published data of 

cadmium (Cd)-rainbow trout (Oncorhynchus mykiss) system, (ii) to investigate the 

trade-offs among ecophysiological parameters related to metals bioaccumulation, 

subcellular partitioning, and susceptibility in farmed fish of tilapia and rainbow trout, 

and (iii) to provide a probabilistic risk approach to assess susceptibility risks for 

farmed fish exposed to metals stressors. 

A 28-day pulsed Cu exposure experiment was conducted to provide the 

information on the subcellular partitioning of Cu in tilapia. The Cu bioaccumulation 

and the distributions of Cu in metabolically active (MAP) and detoxified pools (MDP) 

can be obtained from the pulsed Cu exposure experiment. The published data of 

rainbow trout exposed to waterborne and dietborne Cd were adopted to reanalyze and 

estimate susceptibility and detoxified capacity. This study estimated bioavailability, 

bioaccumulation, and internal damage of tilapia and rainbow trout in response to 

pulsed Cu and Cd, respectively. Toxicokinetic parameters of uptake rate (k1), 

elimination rate (k2), and detoxification rate constants (kd) were derived for tissues in 

tilapia (gill and muscle) and rainbow trout (gill, liver, and gut). The damage 

assessment model (DAM) was used to fit to data of time-varying percentage of metal 



in MAP to estimate killing rate constant (kk), recovery rate constant (kr), and 

susceptibility. A physiological-based TK model was used to predict tissue burdens for 

rainbow trout exposed to environmentally relevant Cd concentrations and 

tissue-specific susceptibility risks can be estimated. A probabilistic risk assessment 

model was presented to assess the metal exposure risks for tilapia and rainbow trout. 

The experimental results indicated that the percentage of Cu in MAP increased 

with time from 23% to 57% for gill, whereas for muscle, the percentage of Cu in 

MAP slightly decreased with time from 35% to 28% for tilapia in response to pulsed 

Cu exposure. Results showed that toxicokinetic parameters of k1s, k2s, and kds were 

8.38 and 0.408 mL g-1 d-1, 0.244 and 0.031 d-1, and 0.178 and 0.033 d-1, respectively, 

for gill and muscle of tilapia exposed to pulsed waterborne Cu. Results showed that k2, 

kd, and kr ranged from 0.32 – 0.46 d-1, 0.45 – 1.72 d-1, and 1.08 – 1.45 d-1, respectively, 

for gill of rainbow trout exposed to waterborne Cd (5 – 50 µg L-1), whereas 0.07 – 

0.19 d-1, 2.24 – 87.75 d-1, and 1.02×10-6 – 1.37×10-2 d-1, respectively, for gut exposed 

to dietborne Cd (0.6 – 30.3 µg g-1). This study implicated no significant susceptibility 

risk for tilapia exposed to waterborne Cu concentrations. The probability that 50% or 

more of the susceptibility risk in response to Cu exposure for tilapia was only 33.2% 

Cu in MAP. For rainbow trout exposed to Cd, a most likely probability of % Cd in 

MAP of gill and liver exceeding 47 – 49%. In contrast with gill and liver, gut had a 

relative lower Cd susceptibility risk (15 – 17% Cd in MAP). The trade-offs between 

elimination and detoxification in rainbow trout exposed to Cd, Cu, and zinc (Zn) 

based on recently published data were also examined. Results indicated that the 

relationships between k2 and kd were negative for rainbow trout. However, the 

relationships between kd and % metal in MDP were found to be positive. Results also 

indicated that rainbow trout had the higher accumulation (~ 60 – 90 %) in MAP when 

exposed to essential metals of Cu and Zn and had only 10 – 50 % accumulation in 



response to non-essential metal of Cd. 

This study found that metal accumulations of tissues varied with the patterns of 

exposure metal concentration in farmed fish. An integrated model to assess the 

susceptibility for farmed fish exposed to metal stressors was provided in this study. 

The trade-offs between elimination and detoxification were also quantified for 

providing the valuable insights into the ecotoxicology of farmed species. In 

conclusion, this study used exposed laboratory data of Cu and Cd to investigate the 

bioaccumulation, bioavailability, and metal distribution of subcellular partitioning for 

understanding of the susceptibility risks in framed fish of tilapia and rainbow trout. 

Hence, the probabilistic risk assessment framework linking with the proposed 

integrated ecotoxicological model can provide an advice for helping government 

based bioassessment and biomonitoring programs to protect the farmed fish from 

metal exposures.  
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ύЎᄔाύЎᄔाύЎᄔाύЎᄔा 

Ƕ౜ჴύǴᕉნ܄ࢥϐނឦჹНୱғߎឦϩଛς೏Ҕаຑ՗ߎԃǴԛಒझ߈

౛ሦࢥᘋ୏ϷેፂࠠᄊǶՠӧғᄊܭᒿӦԶ౦ϐНϯᏢచҹԶᖿӛܭҗࡋឦᐚߎ

ୱύǴࣗϿԖճҔԛಒझϩଛࣴ݋Нୱғނኪ៛ેܭፂߎឦϐࣴزǶӢԜǴҁࣴ

ࢥ౛୏ᄊ(TK/TD)ኳԄว৖᏾ӝࢥ/౛୏Κࢥೱ่ԛಒझϩଛᆶ (i) ࣁޑϐҞز

౛ኳԄ٠ᇶаેፂል-ֆ೾ങ(Oreochromis mossambicus)ᆶᙿ-ह㖎(Oncorhynchus 

mykiss)س಍ϐჴᡍኧᏵǴ(ii)ΑှᎦ෗ങᅿֆ೾ങᆶह㖎ϐߎឦғނಕᑈǵԛಒ

झϩଛǵϷܰག࣬܄ᜢғᄊғ౛ୖኧ໔ϐѳᑽڗ௭ᜢ߯Ϸ(iii)ගٮ΋ᐒ౗॥ᓀБ

 ॥ᓀǶ܄ឦᆙॐϐܰགߎܭ៛ຑ՗Ꭶ෗ങᅿኪݤ

ҁࣴࡌزᄬࣁය 28 Ϻϐֆ೾ങኪ៛ેܭፂልჴᡍаගٮልԛಒझϩଛၗ

ૻǶֆ೾ങғނಕᑈᆶжᖴࢲϯ৤(MAP)کжᖴှࢥ৤(MDP)ϐልϩѲёᙖҗે

ፂልኪ៛ჴᡍளޕǶҁࣴزҭख़ཥϩ݋ςว߄ह㖎ኪ៛֖ܭᙿНᡏᆶ१ނኧᏵа

ຑ՗ܰځག܄ᆶှૈࢥΚǶ٠ϩձ௢՗ֆ೾ങેܭፂልϷह㖎ܭᙿϐғނёᕇڗ

౗ǵғނಕᑈϷϣ೽ཞ্ϸᔈǶҁࣴز௢՗ֆ೾ങ(ങភᆶԼԺ)ᆶह㖎(ങភǵط

Ϸᆶဉၰ)ځಔᙃϐࢥ౛୏Κୖኧ֎ԏ(k1)ǵ௨ନ(k2)Ϸှࢥ(kd)ೲ౗தኧǶᙖҗཞ

্ຑ՗ኳԄ(DAM)ᔕӝᒿਔᡂϐߎឦಕᑈܭжᖴࢲϯ৤ԭϩКǴа௢՗ఠ্ೲ౗

தኧ(kk)ǵൺচೲ౗தኧ(kr)Ϸܰག܄ǶճҔғ౛ࣁ୷ᘵϐࢥ౛୏ΚኳԄ௢՗ह㖎

ኪ៛ܭᕉნ࣬ᜢᙿᐚࡋΠಔᙃᙿᐚࡋǴ٠຾΋؁௢՗όӕಔᙃϐܰག܄॥ᓀǶԶ

ᐒ౗॥ᓀኳԄёҔаຑ՗ֆ೾ങᆶह㖎ϐߎឦኪ៛॥ᓀǶ 

җֆ೾ങኪ៛ેܭፂልϐϸᔈǴჴᡍ่݀ᡉҢልಕᑈܭങភжᖴࢲϯ৤܌э

Кٯᒿਔ໔வ 23%ቚуԿ 57%ǴԶልಕᑈܭԼԺжᖴࢲϯ৤К߾ٯᒿਔ໔வ 35%

Πफ़Կࣁౣ 28%Ƕ่݀ᡉҢ྽ֆ೾ങኪ៛ેܭፂНᡏልǴങភᆶԼԺࢥ౛୏Κୖ

ኧϐ k1sǵk2sϷ kdsኧॶϩձࣁ ک8.38 0.408 mL g-1 d-1ǵ0.244ک 0.031 d-1Ϸ 0.178



ک 0.033 d-1Ƕ่݀ᡉҢ྽ह㖎ኪ៛֖ܭᙿНᡏ(5 – 50 µg L-1)Ǵങភϐ k2ǵkdϷ kr

ϩձࣁ 0.32 – 0.46ǵ0.45 – 1.72Ϸ 1.08 – 1.45 d-1ǴԶ྽ह㖎ኪ៛֖ܭᙿ१0.6)ނ – 

30.3 µg L-1)Ǵဉၰϐ k2ǵkdϷ kr߾ϩձࣁ 0.07 – 0.19ǵ2.24 – 87.75Ϸ 1.02×10-6 – 

1.37×10-2 d-1Ƕҁࣴزว౜ֆ೾ങኪ៛ܭНᡏልᐚࡋΠคᡉ๱ϐܰག܄॥ᓀǶ྽

ֆ೾ങኪ៛ܭНᡏልᐚࡋǴځεܭ฻ܭ 50%ᐒ౗ϐܰག܄॥ᓀ໻Ԗ 33.2%ልಕᑈ

ᙿϐ่ܭ៛ϯ৤Ƕଞჹह㖎ኪࢲжᖴܭ Ǵ݀ᙿಕᑈܭങភϷطϐжᖴࢲϯ৤(MAP)

ຬၸࣁэԭϩКϐനεᐒ౗܌ 47 – 49%ልಕᑈܭжᖴࢲϯ৤ǶᆶങភϷ࣬طၨǴ

ဉၰԖ΋࣬ჹၨեϐᙿܰག܄॥ᓀ(15 – 17% Cd in MAP)ǶҁࣴزҭճҔह㖎ኪ

௭ᜢ߯Ƕ่݀ڗ໔ϐѳᑽࢥឦ௨ନᆶှߎჴᡍኧᏵ௖૸߄ᙿǵልϷᎋϐςวܭ៛

ᡉҢह㖎 k2ᆶ kd໔ϐᜢ߯࣬ॄࣁᜢǶฅԶǴᢀჸह㖎ှࢥೲ౗தኧᆶߎឦӧж

ᖴࢲϯ৤ϐКٯᜢ߯߾ว౜࣬҅ࣁᜢǶࣴ Ѹሡϡનልܭ៛р྽ह㖎ኪࡰҭ่݀ز

ᆶᎋǴжᖴࢲϯ৤Ԗၨଯϐಕᑈߎឦ(ऊ 60 – 90%)ǴԶ໻Ԗ ឦߎѸሡߚ50% – 10

ᙿಕᑈܭжᖴࢲϯ৤Ƕ 

ҁࣴزᡉҢᎦ෗ങᅿځಔᙃϐߎឦಕᑈᒿኪ៛ߎឦᐚׯࡋᡂǶҁࣴزගٮ΋

᏾ӝኳࠠаຑ՗Ꭶ෗ങᜪኪ៛ߎܭឦᆙॐϐܰག܄ǶҁЎໆϯ௨ନᆶှࢥϐڗ௭

ѳᑽᜢ߯аගٮᎦ෗ނᅿԖҔϐғᄊࢥ౛ᏢᢀᗺǶӢԜǴҁፕЎճҔልᆶᙿኪ៛

ჴᡍኧᏵࣴزғނಕᑈǵғނёᕇڗ౗ϷԛಒझϩଛϐߎឦϩթаΑှᎦ෗ങᅿ

ֆ೾ങϷह㖎ϐܰག܄॥ᓀǶӢԜǴᐒ౗॥ᓀຑ՗ࢎᄬೱ่ҁࣴزගр᏾ӝ܄ғ

ᄊࢥ౛ኳԄёගୖٮԵࡌ᝼аڐշ۬ࡹғނຑ՗ᆶғނᅱෳीฝаߥៈᎦ෗ങ

ᜪ෧Ͽߎܭឦኪ៛Ƕ 
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