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] ` a &�G��P b cd ef g �h i �j k l �m n ��o �3

4 OM�* p F � q �r s �� � ������	7 t @ OMP Q &

'u v w x y z �OMW �{ | } ~� � � � � W �� �� { | ��

� �  [1]&  

� �C �L M�X � ! , 1 l � � � � �L M� J � � ��� F
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�© ª &H I � C �« C « v �OMW l ^ �F ��'¬ ­ 7
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� Ó Ô 7 © ª ��� 'G®! Õ Â Ã�Ö × Ø 1 8 ´ Ù Ú & 
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ñ Ç È É ã Y �ò �> ó ô ò �Û õ K "ö ÷ ø K �Y ¨ = �"Þ ;

ó ô Â ù cÞ ; ú   ��cÞ ; û D ÷ cü ýcþ �ýc� �cv a

��polyamine�T�  � &G®
ã Y �ò ���½ ¾ 'ó ô ��v

� ! � � � �Y È É �	 v a �Ö 
 F � à �u v � @ �ó ô � ��


 H DNA � � F ó ô Â ù ��I 
 � � ½̄ ¾ �Y � � [2]& 

x � ¬ ­ � � � � [�́ Y à ��� K � � Ä Ü l �C � � ´ ®

Ù Ú �
 � � Y �� �� '�  &́ Y Y �®�! " �Scenedesmus sp.�

# $ % �Lemna sp.�l � � 1 ��'à � � K � � ����& ' �Ê

¢ ( cY é ) * + ,	 '- � . ®/ Õ 	 0 & 

q � � � 1 2 î " 34 5 © ª (chemostat)��6 x � 	 0 " 3�

I / % � / �� 7 8 9 �	0 � Æ ! : U] ; �� < � ¯U�ê ��

< s �I = > F ? @ ´ Ê A B C �̈ D E FG H î 	0 (batch culture)I

�# i �J K . � � L 0 M N O P Q '� R Ô S Æ �T U L 0 M �V

W F = ���X �,	 3 4 E �ê ��Y ¢ Z [ &,	 �F48 ( [G

H î BOD \ " 3� K � � I�� � P Q �A ] ª �G H î " 3� K

� � ? ^ _ [Æ c̀ a �b �P Q c d �¾ � [e � A o ��f �g �

h̄ ¼ E - � � i �K & 

2006�j k 1 l ��� m n �OMW �{ | � E 28 %� : H �

� � W � 42 % [3]&�I �'H I � � 1 ��7 8 �OMW 
�¬ ­

Á � �È É ¯Ý � o p q �µ � &q - � r s HRAC�Herbicide 

Resistance Action Committee�7 Â 3P Q �t u G® AcB v 3OM

W �- � �� K ��&w v 3OMW �� x ��́ y z �L MN { �

�� l �m � � ��'�1 ®& w â OMW | @ � Ä l �� E } ~

v ��@ /� � � � 
�& ' �� � g s � B �� 4 �� GÝ � � K
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�È É ? Ý # W �q � � � � ¾ � Í - � g s E Ã w â OMW '� �

K � < [
¬ ­ Y ��È É �� � P � ¯ h � � � �b � * x � B p

� � & 

1.2 ��� ���� ���� ���� �  

�.� t � } ~ � OMW C x � R Ô î � K � � ���> � � K

��� � g U È É � < ��EC50� F W � � � � � p �

��$ �I g s C � � OMW 
Y �Ê � � �� < & 

�.� � q � � R Ô î - � � � 8 � > · �   eF OMW � ¡
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1.3 ��� � 	 
 ���� � 	 
 ���� � 	 
 ���� � 	 
 �  

- � w « 
 ® � � F � � À ² ^ ³ �́ 
 HRACOMV ; Â 3 Q ®�

AcB v 3�Â ¢ « w v 3®¸ t s @ � � �� K ���i � 20 � � K �

���: � � �� � � � ¡ x � µ � ¶ ��À ² �@ � ¦ § - � P Q �Â

· P Q x /N � � K � � & 

$ �q � � � h s � R Ô î P Q � > · � g s ��� ¸ î Â · �probit 

model���> EC50��W � � �� � & ¹ � �� ¶ � - � > · �g s  

e�� µ �� � �º » �N � - � & ¶ � - � � � �¼ ½ H Fig. 1.3.1 ¾
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Fig 1.3.1 Flow chart of this study. 
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��������� � � 	� � � 	� � � 	� � � 	  

2.1 ���� 
 � � � �
 � � � �
 � � � �
 � � � �  

Û À �Á ®L M� Â �1 cÃ Ä cÅ Æ ¬ ­ Ç � �? @ �Y 	 v ! �

* � È É �ÊUË � ��7 Ì M&®� � Í Î ��1 l �FMIÎ 7 s ��

v � � L MF Mq à �p 1 �/Ï � 
�7 weed Ð Ñ FMI 7 Ò &Ï Á

( ) ®�Weed � Ó � Â �× Ø X � /! ¶ É Ô 7 à �( ï Õ M�GÖ 3¢

7 à �)&à �7 × � Ä Ü �* c[c1 /U© Ø �� � � à ��U* Ù �

Ú Û OÜ 7 L M�¯U* Ý ®G½ $ �7 h i �½ ¾ Í � Þ Õ á  ½ � *

3$ �� ß à : J � á �/§ â ¶ · ã ­ ä í 'å � Æ Þ ² ®� �	 l o

æ ¸ ��	Y �� �Ä ç ��& 

'L MN { cè � cà �² ³ Té ê ®�b x   � FL MI� ë F à

�7 Ë � ß K B p 1 �,n u F y ì B 3C 7 FL MIí î �ï ð M� ï

GÖ à ���3 4 ð Û �7 ñ ò &H eó �� � à �7 h f ß K [�Ð �

�FÌ MIcFU�à �IcFÌ Y à �ITë ô &�Ä ¬ ­ ®7 L M A

Õ l Â �¬ ­ � ? @ l ê ®¯½ �Y � â F * 3
�í õ ! B ö 7 à ��

y ï � � ¯�¬ ­ L M�environmental weeds�c? @ l ê L M�natural-area 

weeds� C ÷ ø ��F G Ö Ì Y à �U � l ù &� �C ��Y �v f K �

® ��x ��L Mí î �o Ý Fú û l � ü Gß à �ý 	 þ �Ä ç K �	

�à �I[4]& 
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2.2 ���� � � � � � �� � � � � �� � � � � �� � � � � �  

q � � � ®���OMW �A ��V ; ½ Â � v o 3� 

���������������� � � � � � 	 
 � 	� � � � � 	 
 � 	� � � � � 	 
 � 	� � � � � 	 
 � 	 ����acetyl CoA carboxylase����ACCase����


 � �
 � �
 � �
 � �  

� � w 3OMW � Í Þ ; ACCase �ø K �å , ó ô   � � �

ý�½ i � Gó Â H 8 v � � 

�a��Aryloxyphenoxy-propionate�AOPPs� 

    � M3OMW AOPPs ÊU3C � � �[ î , H I U� OM

W + ) � � ü � ó ô , R â ' ó ô Þ Ä Í ¡ 	 ��

�de-esterified�[ � ½ � ? Í 
 � �ý� 
 H diclofop-methyl

Ö = � diclofop-acid�w � ýÖ 'à �Ê Þ �Â Y � 
 ®Y ¢ &

ÊU � K � à � Ð Ö � Í � � á � � �� � � : ��

�hydroxylation�� w � ý= > ! ø K : & @ /�' ¥ ¦ K �

à � ®,OMW [ � �ýÖ [ � 	 � � � � �ester glucoside�,

Ö � � [ � ÊUà � � K �ý(phytotoxic acid) Á � à � � �

�&Beynen et al. [5]�� � ¯�� E ' � ��* 3 Ê Þ �

diclofop-methyl Ö F ö ÷ ��ø K � � �   �ÊU� '�� �& 

� � P � �diclofop-methylÖ ��° ± ��: ß K /- . &

'° ± ®�� � ¾ p �
 H � ° ± ®�� �Õ ��pH�8 �  

[6]�� �i . �* ��÷ �
 H � �Ï Ð c�g � � /� � ¦

µ ��W �T�� Ö �> diclofop-methyl'° ± ®�º » ���
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� K o o - . &Grover et al. [7]'.  o ! " Gã _

�Saskatchewan�® � �# � �$ n x � �� º » �% ¤ ��

�diclofop-methyl�� Ã��diclofop�G� < & ' �0.27-3.47 

�g/L�G � � n f � £ 
 Í 1987��46 %�~1989�[� ¼ ä

95 %�.  o ( ) * ´ 
I � OMW �+ í , �́ õ § ��G

¹ o - u � < �maximum acceptable concentration��9.0 �g/L 

[8]& 

�b��Cyclohexanedione�CHDs� 

CHDs� � � ��Ð # AOPPsUâ 3C �à �� ÷ � f Ö

'Â Y � 
 ® Y ¢ � . ÊU� K �à � Ð Ö 
 Í / : ��c0

�: �� # Â 1 �� � + ) �   [ � 2 3& 

Couderchet and Retzlaff [9] 3 - CHDs®� sethoxydim Ö 4

5 ó ô ò � ATPase ������1 « ó ô �Þ < s Á � ó ô

Æ 6 �apoplast�ý: �/ sethoxydim'ó ô ï A � pH�¬ ­

8 Ö ¨ = 7 Ã8 9 �¤ ! Õ Ã : �P ¥ � � �� sethoxydimÊ

U; � K /A Õ Ä Í < = �� > � ó ô ò �� sethoxydim x �

ó ô 7 � �? Ö ��ó ô Þ ÊUA ¼ 7 pH �/Â Ã�
à �

7 Y ��Y È É &� � � B � ��V ; �OMW cycloxydim�

Hassan et al. [10] � @ A B �Trichogramma cacoeciae� C D '

cycloxydim �¦ µ ��W �8 � - � [Æ � 24 ( [���

cycloxydim
@ A B �Y é ¯ » E �Y Þ ; �Z [ & 
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���������������� � � � � � � � � 	� � � � � � � � 	� � � � � � � � 	� � � � � � � � 	 ����acetolactate synthase����
 � �
 � �
 � �
 � �  

� �� �� �� � t @ ��V ; � F G ALS ö ÷ �ø K ��> r H ��ý

�branch-chain amino acids�� I �ý� leucine�c Ø I �ý

�isoleucine�cJ �ý�valine��Y �  � ��¶ · F G ��>

à �ó ô �Â ù �Y é + ) 1 ¶ · Þ ; / K æ  [11]�A G: J  

½ ½ Â ��8 L � � 

�a�� M N O ÷ 3�Sulfonylurea� 

�b�� P Q R S 3�Imidazolinone� 

�c�� T Q U V 3�Triazolopyrimidine� 

�d�� U V M � W X ý�Pyrimidinylthiobenzoate� 

�e�� Y N þ � Z N T Q R S �Sulfonylaminocarbonyl-triazolinone� 

'�[ � L � Â 3®�¹ Ê�¾K ��M N O ÷ 3�sulfonylurea�O

MW �Ý \ ] 8 ^ �Du Pont�� 1970��®� ^ �� _ �OMW �1982

� Ciba-Geigy 8 ^ * ` � I 3OMW �� �a �&~ 1989 ��O ( ) �

U 27 z 8 ^ 
 F �o b U 375 � OMW "3C :   �l � �s C  [12]&

M N O ÷ 3OMW Ý � � � W �â ¾ �c OMd e�OMW �½ �N { u

v ! � � 3�L M,	 
* 3# d e 3� �: U£ � �� K  [13]��I w

3OMW f + 1 ¶ · � Ù &' j k �1 �����I 3OMW H A ) g  

� imazosulfuron �c K ) g  � bensulfuron-methyl � � h ) g
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�pyrazosulfuron-ethyl��o � Â ��´ z �L MN O& 

i ��M N O ÷ 3OMW ÊU¼ d * �OM¾ p �& '¬ ­ ® û ��

�º » � W Ȫ ÊU � K �u v � � j k ��l m c¥ n o cp q T��

Ö l º » �� W � � [14, 15]&Hartnett et al. [16]� Grossmann et al. [17]�

´ Y à �x � � K � � ���' 1.0 �M�OMW � < [? Ö Þ ; $ % cr

s " � t " �Y é �/u v J � ' ? @ ´ Ê ®¯ � �� E & ' � u v  

[18-20]& 

OMW G Ö B p ��: ß K H Table 2.1.1� Table 2.1.2 � ¿& 
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Table 2.1.1 Classification of herbicides 

HRAC group Mode of Action Chemical Family Herbicide CAS no. 

A Aryloxyphenoxy-propionate Clodinafop-propargyl 105512-06-9 

 

Inhibition of acetyl-CoA 
carboxylase 

 Diclofop-methyl 51338-27-3 
   Fluazifop-p-butyl 79241-46-6 
   Propaquizafop 111479-05-1 
   Quizalofop-p-ethyl 100646-51-3 
  Cyclohexanedione Clethodim 99129-21-2 
   Cycloxydim 101205-02-1 
   Tralkoxydim 87820-88-0 

B Sulfonylurea Bensulfuron-methyl 83055-99-6 

 

Inhibition of 
acetolactate synthase 

 Chlorsulfuron 64902-72-3 
   Cinosulfuron 94593-91-6 
   Cyclosulfamuron 136849-15-5 
   Halosulfuron-methyl 100784-20-1 
   Metsulfuron-methyl 74223-64-6 
   Primisulfuron-methyl 86209-51-0 
   Rimsulfuron 122931-48-0 
  Imidazolinone Imazamox 114311-32-9 
   Imazethapyr 81335-77-5 
  Trizaolopyrimidine Flumetsulam 98967-40-9 
�  �  Pyrimidinyl(thio)benzoate Pyrithibac-Na 123343-16-8 
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Table 2.1.2 Physical and chemical properties of herbicides 

HRAC group Herbicide 
Vapor Pressure*   

(Kpa) 
Henry's Constant 
(atm�m3/mol) 

Water 
Solubility* 

(mg/L) 
Log P 

M. W.       
(g/mol) 

Molecular Formula 

A Clodinafop-propargyl 3.20E-09 2.76E-09 4.00 3.90 349.75 C17H13ClFNO4 

 Diclofop-methyl 4.67E-07 1.97E-06 0.80 4.62 341.19 C16H14Cl2O4 
 Fluazifop-p-butyl 3.31E-08 6.22E-07 2.00 4.50 383.37 C19H20F3NO4 
 Propaquizafop 4.40E-13 3.06E-12 0.60 4.60 443.89 C22H22ClN3O5 
 Quizalofop-p-ethyl 2.60E-10 7.40E-11 0.40 4.28 372.81 C19H17ClN2O4 
 Clethodim 3.55E-10 1.16E-11 11.90 4.21 359.92 C17H26ClNO3S 
 Cycloxydim 1.00E-08 9.52E-12 40.00 1.36 325.47 C17H27NO3S 
 Tralkoxydim 3.71E-10 2.41E-10 5.00 4.46 329.44 C20H27NO3 

B Bensulfuron-methyl 2.80E-15 3.78E-15 120.00 1.80 410.41 C16H18N4O7S 
 Chlorsulfuron 3.07E-12 3.90E-15 28000.00 2.00 357.78 C12H12ClN5O4S 
 Cinosulfuron 9.23E-14 5.24E-15 120.00 2.04 413.41 C15H19N5O7S 
 Cyclosulfamuron 2.20E-08 5.38E-07 0.20 2.05 421.43 C17H19N5O6S 
 Halosulfuron-methyl 3.67E-13 9.62E-16 15.00 -0.02 436.83 C13H17ClN6O7S 
 Metsulfuron-methyl 3.33E-13 1.32E-16 9500.00 2.20 381.37 C14H15N5O6S 
 Primisulfuron-methyl 1.83E-12 1.39E-12 3.30 2.41 468.34 C15H12F4N4O7S 
 Rimsulfuron 1.51E-09 6.42E-10 10.00 0.29 431.45 C14H17N507S2 
 Imazamox 1.68E-12 9.15E-19 4410.00 0.73 305.34 C15H19N3O4 
 Imazethapyr 2.87E-12 1.04E-16 1400.00 1.49 289.34 C15H19N3O3 
 Flumetsulam 3.71E-13 2.47E-13 49.00 0.21 327.31 C12H11F2N5O2S 
�  Pyrithibac-Na 4.80E-12 2.27E-17 728000.00 0.60 348.74 C13H10ClN2NaO4S 

* measured at 25����Log P�� � �� 	 
 � �  
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2.3 ������������������������ 

2.3.1 ������������������������ 

��������	
� (Pseudokirchneriella subcapitata) � 
 � � 

(Chlorophceae��� � � � � � � �� � � � �� � �� ! " �#$ � �

� % � 40-60 µm3& 

' (�	
�� % ) � 45 µm3/cell * + ,- 
 10-20 pg/cell . / �� 0

1� � � �2�3� � (4 5 	(��67 � 	
��8 9 : ; < = > �

? @ A � �= > B C �D E F G �H 6I ,D E �: J K L M NO���

��POQ R � S �T U � V W D X Y �Z �[ \  [21]& 

2.3.2 � � 	 
 ��� �� � 	 
 ��� �� � 	 
 ��� �� � 	 
 ��� �  

] ^ _ ` Y �a b�Z c d D X e NY �����X P�: 6f g

Phi#�j 2ik�l m n " X io�p q r X ig�� s �t �: �

_ ` D X Y ����2D X Y �u v w ��x � y z { | �} ~ �� � �

� f h 

(1) t 1� y z ���2� � � �D � � * �
 � X � � � �� � ��2

D X . � � �� � / � J �U � � @ � � . D X � � � � �� �2D

X t D � �8 : � � + � N& 

(2)  � s Y �� ¡ ��2Y �U �> 3D X � ¢ £ 3¤ ¥ N¦� D § ¨ & 

(3)  j 2©l m n " X Y �� ¡ ��2Y �ª � � A � �« ¬ * ­ ® �

Y �a b& 
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(4) 6[ \ ¯ ° Z ± ��2� ² Y �X P¡ � V W D X ��Z < � & 

(5) �2e NY �³ ¯ �� 
 �2´ µ ¶ ¬ �· ¸Y �¹ / G � º » ¼ ½

¾ D ¿ À F �Y �U �� Á Â Ã Ä F ÅÆ Ç F . { | & 

2.3.3 
 � �
 � �
 � �
 � � � � 	 
 ��� � 	 
 ��� � 	 
 ��� � 	 
 �� 

�2e NY �H È � ÉÊ Ë Ì Í Î Ë Ï P&] ^ º : �_ ` �2e N

Y ��I Ð � 
 ÉÊ Ë �Y �a b�� 6f Ñ Ph 

(a) U.S.EPAhÒFresh water algae acute toxicity testÓ 

(b) OECDhÒAlgal growth inhibition test guidelineÓ 

(c) ISOhÒWater quality-algal growth inhibition testÓ 

(d) APHAhÒToxicity testing with phytoplanktonÓ 

(e) ASTMhÒStandard Guide for Conducting Static 96h toxicity tests with 

microalgaeÓ& 

Q R _ ` ��2e NY �a bº u v w Ô �
 Õ Ö X ×  Ø Ù Ú 1

�e NÛ Ü ��· ¸Q R _ ` a b����� @ £ × Ý : �Þ �� ª Ð :

#¾ ß Þ �� S �à ª � @ £ × �Ð á â ã I ,�ä initrogen�©å

iphosphate��æ ç �����2u ? @ t � @ è é �ê ë f &ÉÊ Ë e

NY �ì í î ï �2é ,�D E £ × �� ª t ð Î ���³ ¯ �ñ�ò ó

ô � � £ × �õ l �2. L ö X × ÷ ø &t �ê ë . f �£ × �ù ú ©L

ö X �û % ü � ý þ �2e NY �. [ \ N [22]�Þ ¹ ��� Ô ø ��1

� ��� � &� � 
 �a b� � S � � ² = > �� �þ 	 * H Þ ¹ �� I

,. ¥ ��Â ] ^ 
 u v w ��& 
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2.3.4 � � � ��� �� � � ��� �� � � ��� �� � � ��� �  

� � Y �� 
 � � � ª � : � � ¦c d È 2�H È � Ò� Ù Ë ÓÉ

Ê �� Ò� � Ë ÓÉÊ ��Ï P&� Ù Ë ÉÊ ��� � · ¸H 6� � �

�  
 � � � � � �¦� Â î ï � � . ] ��� �  ! "N: # X 
 ��

F / H  "D � ! " d � �� � $ % �� & �� �< ' ( ) °  �* ) °

+ , J - &� � J �� � Ë ÉÊ ��T l e X ! " . . / 0 t �� � �2

D E �1 . � � ñ2 3 î � iô 4 £ × Å 5 ô headspace�& 

Brack and Rottler [23] 6 7 ã #¾ / � î ï � � �� � � ��8 �9 �

: � �; < =�� �>©: # X ? Ù 
 �a �f a ñ@ 4 HCO3
-/CO3

2- A �

>&Kuhn and Pattard [24, 25]6 B �(Scenedesmus subspicatus) � C Y X PZ

c d e NY ����l # �  : # � ² � �2D E �1 � � �T D ø � �

�y z 
 48 E ¹ . ¢ ��2�� � � + I �� � &Glaassi and Vighi [26]

F �#� � Ë * G H �ê ë . f �H ç I 1�! "NX × �) ° �§ �3

�"J ø #K AAPBT�� � Z C L ! "NX × �e N&� F �#¾ 2M

N . � � = O �� �Y �P >Q 100 RN �] �t 
 F �S T I � / î ï

é U . CO2�6V W � � X Y ¦� � �2[ \ ° Z § �� ���e NX ×

�) ° Q � [ F L \ ] ^ �T l �_ C < P >���* ) ° &Herman et al.  

[27] � ã Z ` � a b S �t � c . 125RN Y d �c d Y ��� �� 50R

N Y �P >�ó ô ã  0.4% NaHCO36î ï è e � � � �* Þ ¹ f C Y �

P > � �� / iheadspace�. ) ° �g h ) ° l i j �Þ &Mayer et. al. 

[28]ñD ø t �â headspace . k l � � Ë ÉÊ �� � ��ª Û Ü ! "N:

# X U m ���a b& 
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2.3.5 � � �� � �� � �� � � BOD����� � 	 
 ��� � 	 
 ��� � 	 
 ��� � 	 
 �� 

n ¤ } ~  [29-31]"o  j 2�1p ©"q s iMicrotox�¡ U ��2

e NY ��+ r � 8 : s t �[ \ ° �¸¦�: # X �[ \ ° u �m �¦

! "N: # X ª � � [ \ ° , ¨ �� � 3 v �t ��� w � 8 �� Ù Ë �

��ò ô �x � O5 ô y z � { | �Ð � �< ! "N: # X �e N4 o u

þ Ü �� & & 

Huang [32] F �Í Î Ë �? @ a b} ~ ��BOD=�"J ø Ò48 E ¹

�ÉÊ Ë BOD=�2e NY �Ó�Y �a b���� % 300 ml�BOD=�

� �2�� @ � Ì Y �e X ô 4 BOD=¢ �ò �� � � c �� �2� � 


e NX × #� ¹ / �È � �� �  l � � � � � �B C � S T ¡ U � � �

�� � � & �� } ~ 6� � ² � � e X �¼ ³ 48 E ¹ �� � ¹ / �I ��

Y �a b8 : s t � � L ¯ ° &� ¾ ��³ ¯ �� : � � £ × �ô 4 ��

� : �2. L ö X ! ø �� S ª � ² A � �¹ /  � ��ú � I � � � �

 �� U I ,�¥ � ½���½� ; < = > ��6� �î � ã ���ò o

N& 

�} ~ � F �� � � Ë ��2e NY �a b��� 2ialdehydes�

[33]�� � 2ichlorophenols�[34]��� 2ianilines�[35]��ibenzenes�

[36]�  2ialkanes�[37]�¡ 2ialcohols�[37]�¢ 2iketones�[37]

©£ 2initriles�[38] ü : s t �Û Ü ¤ ¥ �[ \ ° Ð ¡ ¦ ��2e NY

�§ t � ¨ © t ª ~ e N�} ~ �� : � « �� ¥  [36]&�
 �6̂ Ö

� t } ~ ¬ ­ �e N¹ �I Ð ��j 2Åª 1p O1D " X  [39, 40]��

} ~ � 6 � � Ë Y �a bZ Û Ü : # å ¬ ­  [41]©® ¯ °iq ~ ² �

(�± ² r X � � È ³ (�D E v (�[42]��Ð "o ã 	
�¡ 1D "

X 8 : § � �[ \ ° �3��} ~ � � ´ Þ ¥ �Y �a bZ Û Ü A�B2
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® ¯ °�e N& 

2.3.6 � � � � � � �� � � � � � �� � � � � � �� � � � � � �  

#$ �2e NY �. _ ` a b�µ � U.S. EPA [43]�OECD [44]�ISO 

[45]�ASTM [46]�APHA [47] ü 
 Y �� S ¹ �C ,�2�D X × ,

ibiomass�&¦,C D X × , ¶ · � �a bà ª , C D X . ¸ + �� ª ·

� 7 + �a b� 1 � ¹ � U º �¹ / ��6#R / � ,C D X × ,�a

b�µ� hÒ» � ¼ ½ 7 ½O Ó�Òq Ö ¼ ½ 7 ½O ÓO� ¾ ¿ ; L · � 7

+ b�3� Q R a bA � �« ¬ �� 1 � ��>, � �*  D X ¸ + . /

: s t �� À N [48]&Á 
 �D E | igrowth rate��ª # a ¼ Â u C ,

��Ô � ½�Ö �  [49, 50] Ã ¼ È � ISO’s ring tests��½ � �"o 6D X

× ,©D E | � �Ô � S ¹ �D E | � EC50Ä� ã #Å & 

Á 
 #¾ B C � S ª ,C Y �1�P Æ � · � ,C 1�P Æ . § Õ �

ò � �7 ^ ø �2D E . � & �� S ª � �þ �, C ¹ / G &Hostetter"

J ø #K ,C 1�P Æ . �2Y �a b�Y �¹ / Q 1 k Ç g E ¹ �* t

6Raphidocelis subcapitatai	
��� Y �X P����"o �� #PÅ

¤ P. � @ � 4 È � NÉ � ¹ ��2. Ê q ~ �Ô ,�   È � N� @ � 4

o Ë NÀ Ì  [51]& 

Í ~ 6��B S ��} ~ 8 �6� � � ° � £ Î7 ^ ø �D X ¶ � �

,ifinal yield��D E | igrowth rate�6©P Æ � D ,i�DO�� ² � ¾

Y ��� Ô � S �T ¡ U Q oP�Ô � S �® ¯ °�[ \ ° & 
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��������� � � �� � � �� � � �� � � �  

3.1 ������������������������ 

3.1.1���� � � � � � �� � � � � �� � � � � �� � � � � �  

� Á C Y D X Á Â e NX × ² �¹ ��Á { | ÅÏ Ð. Ñ È | �� Ò

j e NX × ) ° � S(Ó Ë À Ì �7 . � ) ° �Ô À Ì �� º Ô e X c 4

D X � ¢ �,�ñH 7 � °,�Ô À Ì iDose-response relationship��� �

X Õ � : # X ) ° �Y Õ � � Ô Ñ È ¡ & Ö × × Ø Ù Ö Ú � °,�Ô À Ì

L ( � hÒ#PX × Û Ü Å� Á �°, t � � Ý � � Þ P ß à ¤ Ô . "

D | �À Ì . � Ná â �T * 6ã 2� � Â �X × Z Ü 7 �¤ Ô �"D |

. ³ ¯ Ó& 

3.1.2  ! " # $ % ! " # $ % ! " # $ % ! " # $ %  

t e NY ���C Y X PÁ e NX × { | � � Ñ È . Ñ Ç �� � ÅÏ

Ð��¹ �) ° ñ7 � EC50 i50% Effect Concentration�Å LC50 i50% 

Lethal Concentration�& 

D X � Á e NX × { | �°,�Ô À Ì � Fig. 3.1.1�ä &å Ë  �Ë

È - L M Á C D X � A  B�°,� Ô Ó Ë �æ � å Ë � ç | I 
 �Ë �

ç | �M ä D X � A�e NX × �= è é ê U E �õ ë h ã D X � A�e

X ) ° �§ Õ U [ \ �W ,� ) ° § Õ ì H � � � � | � h i Z § &¦t

� � | � 0.5��í î © Ï Ó Ë ��Ô �e NX × ) ° � ì � e NX × �

D X � �� � �5 ï { | ) ° (EC50)& 
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Fig. 3.1.1 Dose-response relationships of common toxicity tests. 

3.1.3 � � � � � � & �� � � � � � & �� � � � � � & �� � � � � � & �  

ð ñ ��< Â � S ( Ó Ë ò ø EC50Å EC10 T �= > �3� ó Â = >

Á Â ��¹ ) ° ô õ �{ | �� �#Z �2 3 � � ½Ö À Ì Ë � S(Ó Ë

ö � · Ë 6­ ò ; ��P½Ö ö ÷ ø Ë ­ 7 � Ò°,� Ô À Ì ø Ë Ó&�

Þ �ø Ë ù � � �Þ �� ú £ Î�3�Þ #� ½� �¼ � Ý P�Þ ø Ë �

È � �� � ¥ H  : �, ¨ �6D X Y �Z ± ��Þ �D X ¨ © �Þ ��

Ô � S  ( response endpoint ) �e NX × = è ° �û � Þ �� 6�ü � . ø

Ë 7 ^ ���S  � ú S / § ¨ ³ I �Q P��� ¥ ñH ý ° = > þ Á ×

��� � ¥ ���� ¥ T � � Â 50 %�{ | i� � Å Ï Ð��ò ; EC50Ä

� 
 
 � � � f �§ ¨ � & § ô h i �3�½� �� ¯ � �� � 1 � ² ü

~ ° È � �6� � ¶ ü ~ . ��ø Ë & 

#$ Â 	 �e NX × °,�Ô ø Ë � : oP�á 
 Probit�Weibull©

Logit ø Ë �ü ª � � �Þ �w 6 "J ¦� �Probit ø Ë � w 6 e NX × �


 Á � D X �= è ° � #Â � È � �3�6Â � È � 
 ½Z M ä e X �D

X � � | P�e X ) ° i°,�Z�) ° i°,��Ô Ó Ë &Weibull ø Ë

�
�����
��� �
��� �
��� �
��� �
��� 	
��� 

��� �
��� �
�

�������������	�
	����	���
����

��
�
��
��
��
�
�	


��

� � 
��

�
�
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ñª � ~ e NX ×  Á � D X / � D Õ Ö � � �w 6 �� # | -�Ô # � £

ÎiMechanistic-Probability basis� ø Ë �"J � � e NX × È �  Á C Y

D X . Á � È � / Õ Ö � À Ì � ] � ¦Z & © 
 Logit ø Ë ñ  Monod 

Equation � � �� ã � � E } ~ �"J ¦ø �Á #Pø Ë �á â e N� Ô

��Þ P � v � Ô iEnzyme Reaction��ü �
 � � Õ ( autocatalysis ) . Õ

Ö �Ô &Table 3.1.1 � oP°,�Ô Ó Ë . ½Ö ö ÷ À Ì Ë & 

Probit ø Ë � e NY �� � � ¶ Â 	 �°,�Ô ø Ë �� � ª � ��

¼ ��ò ô �� ú £ Î�< �#¾ ø Ë �� w 6 D X �e NX × �= è

° È � � Â � È � iLog-normal distribution��� � 6e NX × ) ° . �

½Ä � Ô | . NEDiNormal equivalent deviation�8 : Ë N À Ì � £ Î�

� ��Ô | ì C Y D X �e NX × . �Ô ¡ | iµ � Ï Ð| �&�ø Ë �

°,�Ô ø Ë . S( Ó Ë �ö ÷ � NED scale��# · Ë & � µZ ë �°

,�Ô Ó Ë t � � | 
 50� . ��Ô Â NED� scale��Ä ª 0�84.1�

�Ô | . ��Ô � 1�¦ NED scale . � _ Äô 5 ì � Probit �� _ �

Probit � �  � Ô |  e NX × °,/ . ö ÷ À Ì � f h 

( )
�
�

�
�
�

�
��

�
��

� −+=

+=

2
5

15.0

log

Y
erfP

ZBAY

 

YhProbit � �  

A�Bh°,� Ô Ó Ë . � � iintercept� ç | islope� 

Zhe NX × °,) ° i� � hmg/L�� 

PhC Y X P�e NX × . � Ô | i� Ï Ð| O� 

erfherror fuction& 
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Table 3.1.1 Weibull�Probit � Logit � � � � � � 	  

Type Transformation  Probability density Probiblity of response P 

Weibull )ln()ln( zku η+=  )exp( tet −  )exp(1)exp(1 uekz −−=−− η  

Probit )log(zY βα +=  
)

2
exp(

2

1 2t−
π

 �
−

∞−

−+=−
5 2

))
2

5
(1(

2
1

)
2

exp(
2

1Y Y
erfdt

t

π
 

Logit )ln(1 zφθ +=  

)
2

(cosh

4
1

2 t
 

teze −−− +
=

+ 1
1

1
1

φθ  

    

Type Probility of no-response Q Transform vs P Transform vs Q 

Weibull )exp()exp( uekz −=− η  ))1ln(ln( Pu −−=  )lnln( Qu −=  

Probit 
�

∞

−

−−=−
5

2

))
2

5
(1(

2
1

)
2

exp(
Y

Y
erfdt

t  )12(25 1 −+= − perfY  )21(25 1 QerfY −+= −  

Logit 
teze +

=
+ 1

1
1

1
φθ  )

1
ln(1

P
P
−

=  )
1

ln(1
Q

Q−=  
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3.1.4 G test 

��������	
��
����������� � �� EC �

����� �� � � � ! " �# $ % & �� � � '( & �) * + , -

. / 0 1 2 3 4 5 6 ( & � EC �����7 '�) * + , - . / 0 8

Probit9Weibull : Logit ; 1 2 < � EC �= � EC50 > �? @ �A 
��

�����= B � EC50��CD� �E F GH I EC50� EC �J 8 EC90

G EC10 4 K �L M N O �P Q �R ST L ����U H V W X Y �( Z

[ ��\ ] G test^goodness of fit_�̀ a b c d ���e � ! f :g

h ��i j k > �; 5 l b �m n CG�T �o p �m q / 0 DG��1

2 r0 8s t 

�
�

	




�
�

�



= �

= i

i
a

i
i

f

f
fG

ˆ
ln2

1  

� u a v c d f w � � if v  ! f 
���� if̂ v b , / 0 Cg h

�D 

 

3.2 NOEC����LOEC ���� Cut-off value 

��x y b z { | } ~ � �� � �� � � | < NOEC^no-observed 

Effect Concentration_� LOEC�lowest-observed effect concentration��� � �

� 	 
 � � 
 � � � � � �� � � � � � � � � ���� � � � � � ��� � �

EC10 3 v 7 '�k > �� � �� v � � ) * + , - . / 0 ; � � ����

� b � � � � 10 % R S�� �D��1 2 NOEC� LOEC�� Dunnett’s 

test v 7 '�� � � f k > ��1 � � D� 
�; \ ] Dunnett’s test v �

� c d f CO �j � ��� � f �  ! f �j � �[ � NOEC� LOECD
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� �  NOEC �� LOEC �7   6 
�� ��¡ [ N O �
�P � �R

S�¢ £ ¤ ¥ x ¦ Z ��< ���
§ ¨ , �� ����k > " > ( 7 $

'�( F � © ª « ¬ " ­ ¢ % ® �c ¯ �D 

� ° ± ² ³ b EC10�� NOEC \ ] ´ µ �¤ | < ¶ · u ¸ �̂ cut-off 

value_¹�� � NOEC Gv EC10C� º » Du ¸ �:�f ���f ¼ P

� C¶ � � � ½ k �K ¾ f ¼ P � > n �¿ Z ��¢ > n �¶ · u ¸

��a I u ¸ ��� �Q I NOEC�n I LOEC�A u ¸ �À Á < NOEC

; x Â6 C� � Ã ��Ä Å �� 1 2 r0 8s t 

 

¶ · u ¸ �( % reduction )= 

 

� u T�Æ �; 5 ^� one-tail Dunnett’s test � Ç È Ã �� 5ÉC�_�

Xc�� � f C¶ · ��Sw v f ¼ P � C¶ � � �nc: ni�� � f : !

f c d ���w � D 

 

 

 

 

 

 

 

100
11 ×+×
ninc

Sw
Xc
T
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��������� � � � � � 	� � � � � � 	� � � � � � 	� � � � � � 	  

4.1     ���������������������������� 

4.1.1 ���������������� 

��������������������  

� � ��'Ê�Ë Ì RO F Í ^0.5 �m_�Î Ï ÊÐ ÊÑ ^60L 

container, Nalgene_ÒÓ Ô Õ ÊÖ � × ^Milli-Q Plus, Millipore, outflow 

conductivity 18.2 M�cm_D3 'I Ø Ù Ú Ö 'Ê�
�Û Ü CÝ w Þ ß

'ÊD 

� � � 	� � � 	� � � 	� � � 	 ���� 

SINKU KIKO rà�á â  ULVACG-5 � G-50D'I F Í ã ä

å � Isoton II £ $ 'D 


 � �
 � �
 � �
 � � ���� 

æ ç � è é �� � è ��  24 ± l ê�ë ì í ä :����î � ¾

\ ] D 


 � � � � � �
 � � � � � �
 � � � � � �
 � � � � � � ���� 

ï ð 0 ë ì í ä C'�
ñ � 5 rò �ó ô  18 rX Cõ ö ÷ D

I 
ñ  4 rò  ø ù ¹�ú û �ü I 
ñ  2 rò  ø ù ¹�� ý C

'D 

� � � � �� � � � �� � � � �� � � � � ���� 

þ * �� 6rò �ó ô � 25rX Q n �õ ö � D� ¯ 'I ï ð 0

í ä � ÷ £ �� û C � � � � ; 'Òe w $ '	 î 
 ` F Þ ß ü � �


 T $ 'D 

� � � 	� � � 	� � � 	� � � 	 ���� 

� � � � $ '� � EYELArà�á â MP-1000C[ * � � �¹
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��� ã ä � � 6 ï ð 0 í ä � ÷ C � � �¤ T � � � û * D 

� 	 �� 	 �� 	 �� 	 � ���� 

� �  Materflex�'I � ÷ í ä � �� Cá â � H-96400-14D�

� � � � �� � � � �( 	���T � � R S�����  D 

� � � � � 	� � � � � 	� � � � � 	� � � � � 	 ���� 

� � ���Ê! " ; $ 'C# $ % & �$ 
û * � ' ¹( ) �

400-800 ml/minD 

� � � �  � � � �  � � � �  � � � �  ���� 

� � ï ð 0 í ä � ÷ C# $ * � 480 ml/min 

! " # $ %! " # $ %! " # $ %! " # $ % ���� 

$ ' Suntexrà�á â SP-7C pH * [ + D� ¿ Z �� ± 0.01D 

& ' ( )  & ' ( )  & ' ( )  & ' ( )  ���� 

CHECK MATE-90, CIBA CORNING , - Ö D'I IsotonC. /

�* * ( 
 � 17 mmho ( ) ¼ )D 

* + # $ %* + # $ %* + # $ %* + # $ % 0 

1 -  YSI rà� 2 á 3 4 * [ + �á â 5100ÒBOD 5 6 �á â

YSI 5010�% ¢ ¼ 7 / � 8 9 Û �T �b ý Ù \ ] : � 8 9 �¿ ; �

� ± 0.01 mg/LD< Ú  DO 59 = 
Ã 0 �T �ï ð > * :? @ Êu 3

4 ��P A �* * O B T � 395910 � 15 X C D ED 

( , - . /( , - . /( , - . /( , - . / ���� 

F £ � G 8 9 � � ë ì � ï ð � H� ÷ u I � J K L M �� � T

N \ û � � O P · Q X R I � ÷ u � S T ë � # $ × 4 �| } ; 


CO2 C¹'D 

� � �0� � �0� � �0� � �0 ���� 

$ '
ñ 10rò CÊÑ Dø ù  U ¢ � � � V � W � � �W �

� �6 ? $ 
X � ��6 ? Y Z ¤ [ �\ ÊÑ ] 7 # $ �� ÊÑ ø ù
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 U @ ø �n ^ �¶ _ ` � �# $ a � W b c Ñ d �e f � g æ $ \

�D 

1 2 3 4 �1 2 3 4 �1 2 3 4 �1 2 3 4 � ���� 

$ '
ñ  300 h ò �ó ô  8 rX C BOD õ ö � Dø ù  T V

� õ ö � V �$ 
�£ Â6 Ê i j k � N l m ��� ��m n o 0 �

�D 

� � 5� � 5� � 5� � 5 ���� 

p I è � é ¼ �� ( q X � r � s t � 
�H×u× v � 

135×110×135 rX � w x % ¢  120 rX y z { | } �  8 ~�¼ ¢ �

� 0 � � � p Û ^WEST rà�FIRSTEK Model S103_�� � P �T

E F  100 r.p.m.�× �� x T � p 
ñ 300 mlC BOD � � 66��¹

�ë ì BOD � ��:ë ì � w 0 í ä C'D 

( 6 7 8  9 /( 6 7 8  9 /( 6 7 8  9 /( 6 7 8  9 / ���� 

$ ' Coulter Counter�á â  MULTISIZER II^Coulter Electronics 

rà_�1 � � � � D$ '	 W 
 ' ISOTON � � ^rinse_Þ ! D� '

50 �m � ô Cõ ö � �o '� � ó ô ( ) � 1-30 �m�* �£ O ��

12-13 � O D 

( :( :( :( : ���� 

$ 'u �  ! Û � P� - 650C� " á / � �� � XP^Windows 

XP_CÃ 0 ¤ Ú p / Õ � � 1 � Û ; 
 C = 
̂ Multisizer Accucomp V. 

2.01_�\ ] � � 1 � CX Y D$ '£ T ó ? ² / Õ � � 1 � Û C �

â � � � / � u \ ] X Y D 

 

���������������� 

TES � � 0 | �1 �á â  IM-2D�* * ( ) 20-20,000 luxD'I

e � � ÷ �� � í ä " C� x | �* * � 
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� � � �� � � �� � � �� � � � ���� 

� I Q ¦ ] ��   � v ` ¡ $ u ¢  0.5 % CO2�\ £ ¡ $ �\ �

Â 99.9 %�$ 

ñ � 6 ¤ � r¥ D'I 
�u ¦ § ÊC # $ ��U

H ã ä � u � DO��̈ x | } ë ì � 
�g O © y * � ª « D 

; < =; < =; < =; < = ���� 

$ ' HIRAYAMArà�á â HA-300M �� � ¬ � l.l kg/cm2�

121 ês b 
�Û Ü � � 15 X C D 

$ � > �$ � > �$ � > �$ � > � ���� 

$ ' SOCOREX T ç 0 ­ � Û �Q n � 100-1000 �l� 1-5 ml®

ED�� NICHIRO�Nichipet EX�20-200 �l910-100 �l�� 2-20 �l

¯ 3ED 

? @ A? @ A? @ A? @ A ���� 

$ '� ° ràÖ � � Laminar Flow ' ¹ � �� ± ² ³ E F Ã �

Ú Ö ã ä � £   6 ´ µ D¼ 7 % p ¢ ¶ � · } � �T � $ ' ' ¹ � C

	 ¸ ] � � D 

B C D EB C D EB C D EB C D E ���� 

¹ - Sartoriusrà�á â TE124S�* * ( ) 0.1 mg-120.0 gD 

F G H I � � � J K �F G H I � � � J K �F G H I � � � J K �F G H I � � � J K � ���� 

$ ' Whirpool º " ² ë 9Ø Ù ��ã ä � � � � I 4 ê�s D 

L 5L 5L 5L 5 ���� 

� : Memmetrà�» �¼ ½ õ ö Û Ü '�è �� G � � 50 êD 

B C % /B C % /B C % /B C % / ���� 

v ¨ x � % ¾ Y + ^High Performance Liquid Chromatography_�

� : Watersrà�á â 2996D� % p ¡ [ 8 Table 4.1.1D 
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Table 4.1.1 The analysis conditions and apparatuses of HPLC 

Item Model and Condition 

HPLC Waters 2996 

Photodiode Array Detector 

Detector UV  

Pump Pump Control Module 

Waters HPLC 515  × 2 

Column Waters  Bondapak�CB18B�4.6 mm × 150 mm 

Injection volume 20-50 �l 

Mobile Phase AcetonitriletH2O =60Ét40É 

Mobile Phase Flow Rate 1.0 ml/ min 

 

4.1.2 � � � � 	� � � � 	� � � � 	� � � � 	  

M NM NM NM N ���� 

$ ' Gelman Science á â 66191C 0.45�m F̂ Í ã ä � �Ê

ý 	  ! _�á â 60301C 0.2�m̂ F Í Isoton II_®E� ô CÍ ¿ D 

O PO PO PO P ���� 

1. HPLC X Y 'Ø tChemService rà�Acetonitrile� \ �
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99.97ÉHPLC gradeD 

2. ��� � tÀ Ø Á ; Ù �\ �î Q I 99É�� A Â �̂ Ê

3 �9Ã Ä �9X Õ * ¯_8 Table 4.1.2 ; �D 

3. � Å �� u ; 
 Ø Ù $ ' ChemService9Merck G 

Riedel-deHaen rà G. R. Æ �" CA � Ø Ù D 
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Table 4.1.2 Physical and chemical properties of herbicides 

HRAC group Herbicide 
Vapor Pressure   

(Kpa) 
Henry's Constant 
(atm�m3/mol) 

Water Solubility 
(mg/L) 

Log P 
M. W.       
(g/mol) 

Molecular Formula 

A Clodinafop-propargyl 3.20E-09 2.76E-09 4.00 3.90 349.75 C17H13ClFNO4 
 Diclofop-methyl 4.67E-07 1.97E-06 0.80 4.62 341.19 C16H14Cl2O4 
 Fluazifop-p-butyl 3.31E-08 6.22E-07 2.00 4.50 383.37 C19H20F3NO4 
 Propaquizafop 4.40E-13 3.06E-12 0.60 4.60 443.89 C22H22ClN3O5 
 Quizalofop-p-ethyl 2.60E-10 7.40E-11 0.40 4.28 372.81 C19H17ClN2O4 
 Clethodim 3.55E-10 1.16E-11 11.90 4.21 359.92 C17H26ClNO3S 
 Cycloxydim 1.00E-08 9.52E-12 40.00 1.36 325.47 C17H27NO3S 
 Tralkoxydim 3.71E-10 2.41E-10 5.00 4.46 329.44 C20H27NO3 

B Bensulfuron-methyl 2.80E-15 3.78E-15 120.00 1.80 410.41 C16H18N4O7S 
 Chlorsulfuron 3.07E-12 3.90E-15 28000.00 2.00 357.78 C12H12ClN5O4S 
 Cinosulfuron 9.23E-14 5.24E-15 120.00 2.04 413.41 C15H19N5O7S 
 Cyclosulfamuron 2.20E-08 5.38E-07 0.20 2.05 421.43 C17H19N5O6S 
 Halosulfuron-methyl 3.67E-13 9.62E-16 15.00 -0.02 436.83 C13H17ClN6O7S 
 Metsulfuron-methyl 3.33E-13 1.32E-16 9500.00 2.20 381.37 C14H15N5O6S 
 Primisulfuron-methyl 1.83E-12 1.39E-12 3.30 2.41 468.34 C15H12F4N4O7S 
 Rimsulfuron 1.51E-09 6.42E-10 10.00 0.29 431.45 C14H17N507S2 
 Imazamox 1.68E-12 9.15E-19 4410.00 0.73 305.34 C15H19N3O4 
 Imazethapyr 2.87E-12 1.04E-16 1400.00 1.49 289.34 C15H19N3O3 
 Flumetsulam 3.71E-13 2.47E-13 49.00 0.21 327.31 C12H11F2N5O2S 
�  Pyrithibac-Na 4.80E-12 2.27E-17 728000.00 0.60 348.74 C13H10ClN2NaO4S 
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4.2 ���������������� 

4.2.1 ������������������������ 

��������	
��
final yield� growth rate��� � � � �


delta DO��� ��� � �� �� BOD ! �" 

 

#$% ! �& ' 

( ��) * + ,& '�-. & /Pseudokirchneriella subcapitata ( 0 1

� Selenastrum capricornutum)/2 3 4 5 6 + 7& 8 
9 ! �: ; ���9

'/U.S. EPA<ISO<OECD = APHA >? @ �& 8 A B ! �C /D 	E

9 '�F G ! �'�$"��& 'H I University of Texas, Austin, United 

States, 2006J 8-" 

 

#K% L MN O P Q  

( : ; R S +  U.S. EPA “The Selenastrum capricornutum printz algal 

assay bottle test: Experimental design, Application, and Data inter-pretation 

protocol” ) T + ,U MV W X /Y 	E U MV �N Z /[ \W X ] 	:

; ^ + 7_ ` � a b �c d e f & 8 A B ! �g"\g U.S. EPA U MV

,P Q h C ijkljm 
a�-
g�,n o p 
stock solution�q ] 1 ml

rs t u v g/Y w x r ly"z { 	 0.l N | � } ~, NaOH� HCll

U MV � pH�� r 7.50 ± 0.10 � � �	� � 0.20 �m,� � ] 	� � " 

	j�U MV �P � k 

(a) � � � n o p k� � 12.750g NaNO37 500 ml s t u v " 

(b) � � � n o p k� �  6.082 g MgC12�6H2O 7 500 ml s t u v " 

(c) � � � n o p k� �  2.205 g CaCl2�2H2O 7 500 ml s t u v " 

(d) � U MV n o p k� � jm ) � � � 7 500 ml s t u v " 
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92.760 mg H3BO3             0.714 mg CoC12�6H2O 

207.690 mg MnCl2�4 H2O     3.630 mg Na2MoO4�2 H2O 

1.635 mg ZnC12              0.006 mg CuCl2�2H2O 

79.880 mg FeC13�6H2O       150 mg Na2EDTA�2H2O 

(e) � � � n o p k� �  7.350 g MgSO4�7H2O 7 500 ml s t u v g" 

(f) � � � K� n o p k� �  0.522 g K2HPO4 7 500 ml s t u v g" 

(g) � � � � n o p k� �  7.5 g NaHCO3 7 500 ml s t u v g" 

 

� � P X , U MV \� � =� � U M � } ~ m 7 Table 4.2.1 = 

Table 4.2.2"� g�” �   } ~” � ¡ q ¢ � £v � p g) ¤ £��¥ }

~"U MV ,¦ § R 	� � 0.20 �m,� � � � /� � ¦ § �,U MV

¨ ¤ £ 4©ª « ¬ � 7­ ® ¯ c ° ± ² ³ 
́ µ ¶ 	· ¸ ¹ º » ¼ ½ �/

¾ ¿ À 
c � Á Â Ã " 

 

Table 4.2.1 The composition of macro-algal medium 

Chemicals Concentration Element Final conc. 
 (mg/L)   (mg/L) 

NaNO3 25.5 N 4.2 

NaHCO3 15.0 Na 11.0 

K2HPO4 1.04 C 2.14 
MgSO4-7H2O 14.7 K 0.649 

MgCl2 5.7 P 0.186 
CaCl2-2H2O 4.41 S 1.91 

  Mg 2.9 
  Ca 1.20 
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Table 4.2.2 The composition of micro-algal midium 

Chemicals Concentration Element Final conc. 
 (�g/L)  (�g/L) 

H3BO3 186 B 32.5 

MnCl2 264 Mn 115 

ZnCl2 3.27 Zn 1.57 

CoCl2 0.780 Co 0.354 

CuCl2 0.009 Cu 0.04 

Na2MnO4-2H2O 7.26 Mo 2.88 

FeCl3 96.0 Fe 30.0 

Na2EDTA-2H2O 300   

 

#Ä% ������� 

� Å~k£Æ ÅÇ gÈ É ��/Ê f Å~£ 24 ± l ©" 

� c ~kË + Ì Í c Î Ï Ð ,$h Ñ É _ ` ± ² /T L Mb =! �

 gÒ Ó �c ~£ 4,300 ± 5% lux" 

� Ô Õ k	 480 ml/min �Ö Õ × Ø lL Ma b Ù Ô Õ Ú Û " 

� pH�kA B ! �� pH�Ê f £ 7.50 ± 0.10�Ò " 

	Ü q �� �D Ý Þ � ß /à ¨ ��,á â ~" 

 

#ã% ��� �	 
  

(a) ä å µ æ k 

ç è é ê � ,ë ì í ë î �Y + I ï v ð î �ñ/z { 	 10 % 

HCl � p ò ó rô 1 õ ö /÷ø �	 Na2CO3 � p g�"Y + I ï v

ð î ù 5-6 ñ/� 	s t u v ð î 3-4 ñ�ú û ü « g] 	ü ý 
Å

~̈ þ 7 50 ± 5 ©�"T + ���³ �Ü · ¸ /� �� 7 � â � 1.1 

kg/cm2/121 © ,¦ § � g¦ § 15 � 	 " 
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(b) L M+ a b k 

ç + é ê � ,ë ì í ë î �Y + I ï v ð î �ñ/ 
 � é � ó 
 �

��� �	s t u v ë î /� ý �£a b Ü ,q � � �½ Ü � ¸ ¹ /ú û

¦ § � g¦ § 15 � 	 �/÷ø �� � � rÇ Å� T + " 

 

(c) & 8 ,¨ ¤  

� � ö ç È É � � L MN ,L M/ � � L MN W X �p � U MV �

��� ] 1% �� � � 
Agar�/� ! ¨ ¤ "�-
£ 4 ©j�"& 8 Ý

ã�# $ % & r ' ,L Mæ 	¨ þ § ', ( ) "*+ , Ù p � U MV ,L

M/� ! ¨ ¤ ã� # $ 
4 ©�/ã�# $ �- ` Ù % & 	̈ ¤ § '" 

 

#.% ISOTON II � � �
 �  

] û 10 g NaCl7 1 / y,0 1v gº » 2 d /� 	3 4 5 ß \4 3

~/\4 3 ~Ã � 17 mmho" 6 0 �  17 mmho/ 7 	0 1v w x 
 � 4

3 ~� 17 mmho/6 8 7 17 mmho/7 ] û ô �  NaCl 
 � 4 3 ~� 17 

mmho"E � p 	 0.2�m � ¹ � � � 9  Isoton II � p "\��Û + £7

| Û 3 u : ; 5 �µ �4 3 � p " 

 

#"% � � � � � � � � � � � �  

3 u : ; 5 �µ < � $= ä å > /? Û g @ ò û ê �  Isoton II w x

A � ,B C g/v A £� ß ,� D E ] 	 F G 	T : ; H I � J " 

£ä å > K L M ,N O � $õ P � /Q 	 R ÷v A "£ä å > < + q

� $3 S T �	 
 × 3 /| v A g) ê � : ; è � P � ö /¶ U ö B V W

X � 3 × /Y X Z [ â � ,3 \ "̂ 3 \ ] ^ _ � ¡ ` µ ,̀ a b ¡ /\

c ~d e 7: ; ,f õ /¬ g h ��R � p < : ; ,�i /
 z j 3 u 5

�µ k l b ¡ " 3 u : ; 5 �µ �� m n � â i Table 4.2.3" 
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( ��S + 100 �m � � �o p ä å > /\� â �� ß ; � Ü jq � 

2.177 – 6.975 �m"� ß ö /÷ 1 ml ,& p � û  50 ml ��  < /Y ] û  

Isoton II r 50 ml "lâ � r ,� p s û B C /ú È : ; 5 �µ < � ß "

	b ¡ � t �� u v Ö Ì : ; ���� (1 Isoton II �w x �)/_ ` Ä

ñ\�� y £ 2 % z �Ñ H ��� ß �" 

 

 

Table 4.2.3 Operational parameters of Coulter Counter 

Parameter values 

Full scale 10mA 

Polarity + 

Currents , I 100 

Diameter Lower Threshold , Tl 2.622�m 

Diameter Lower Threshold , Tu 30�m 

Attenuation , A 1 

Preset Gain 1 

Alarm Threshold OFF 

Analysis amount 500�L 
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#{% � � � � � ��   

$| � � ß â µ ! T + } �Ö Õ 7v g~ d �Ö Õ ~ d � '/� � �

z E lv Ô Õ r 100% � | � � /� E � � S + Ö Õ ~ d C "( ��T +

� �  YSI / � �� � � � ß â µ 
Model 5100�/Ö Õ ~ d C � � ijk 

 

1. l� � 3 S G o r " 

2. _ z � � 3 S " 

3. � û 1 � � c ,v 7 BOD g/l 3 S � û BOD / Y X � [

� ~ 100�,� � " 

4. � Ú � � ß â � " 

5. � è � 15 � 	 	Ü /T Ï Ð � Ñ � " 

6. �j~ d �� " 

7. à � Õ � t �" 

8. | t �á â �/� AUTO CAL ~ d � � �/ � � lø 2 ”D.O. 

CALIBRATION SAVED”" 

9. �MODE � � � O /�~ d º � " 

 

#�% ��! "  

 

ç l  % & ,& 8 j 4©,ª « g÷ø /È É ¡ ñ� L MÄÞ /	¢

� & p £ /T \ � � [ �
� $ "� �	& p kL MN � 1k3
¤ ¥ e �

�e ¦ & û 4 L�_ ` � L Mb g" 

l_ ` � L Mb L M7Æ ÅÇ g/b L ú � § ¨ F G µ / © Ú , §

¨ ! ª & 8 �L MN H I 2 d /¾ ¿ & 8 « ¬ =ô � ­ Ã CO2�Û + /*

+ è j Ô Õ ® � �È × Õ ¤ 7 ­ Ã CO2=H I 2 d �Û + "_ ` � Ì Í c

Î L Mb $̄ ± ² / ª L Mb gÓ �c ± ° ~� 7 4,300 ± 5 % lux�Ò " 
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| L Mb ,& 8 �� � � | ,�� 
ù � f ! ± & 8 �� 80-90%�/

�	 ² Ú ³ ´ È × U Mp " j 7L Mb ¤ ¥ � â 
a b � � µ × ��/¶

! 
 z j × � Ê f ) @ �w x �
0.25/day�/Ê f L Mb < & 8 �
��" 

è j Ý Þ · ¸ ' ¹ ,È × N O /� � ß b gp £ �� <pH �<=º

» ; � � ¼ � g& 8 p £ �� J ½ Y 
 p £ Ñ H ¤ ¥ /MCV�/	¾ â _

` � L Mb R ¿ � � á â À � "	_ ` 3 Þ �p £ �� <pH�<MCV>

� �D £Ê f , Á Â < ¬ ; � � ¼ � g& 8 p £ � � J �$ � � J /�

! � â � Ï Ð � � á â À � "� � Á Â k p £ �� 
1.7×104-1.9×104 

cells/ml�<pH �
7.3-7.8�= ; � � ¼ � g& 8 p £ � � J ½ Y 
MCV

£ 39-46Ã�m3�Ò �" 

A B ! �,U MV � Ä U.S. EPA � � P Q /Å | V Æ d } ~Û �(

! �,U MV �	ê 0.5 % CO2 , N2 Õ ¤ 
× � � 600 ml/min�[ U M

V È É Ô Õ /Ç 8 v g,� � �� È c \ CO2 ê � /Y 	 0.1N, NaOH 

� HCllU MV , pH�� �r 7.5 ± 0.1/º X U MV ,P Q " 

Î L Ma b 
steady state�÷ø �& p �Ü É �U MV 2 d X ) @

} ~/z jï ] û é ��A 9 } ~
ê $W Ê f W =" W ³ Ê W �,!

� /Ý W ��È É Ä Ë Ì � E ö E � Í q  g,U MV } ~� Î � p

£ � ~Ã Ï � �/( ���Î � p £ � ~ � â £ 15,000 cells/ ml"*+ /

( ��¶ � ß Î � �� � �
initial DO�/£E � � Í Ô Õ ,ö Ò = À

Ð/Ñ � ª Î � � � �Ç � � 8 /Ò ô ��! ± , Ó y " 

è � 48 õ ö ,A B 9 O Ô Ô �/� ß q ] û é � A 9 } ~�,

! � �� � �
final DO�/u v Õ � �� � �! 9 Ö � � �
�DO�/

z { ß �  g p £ � ~	 × 9 & 8 
��"Ë + v A } ~�Ü É �

�/_ � Probit Ø � � ¼ /× ø A B 9 O � EC50 ��í � Ù ° Ú "�

���, D Û / ! j Fig. 4.2.1 � ¡ " 
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Fig. 4.2.1 Flow chart of algal toxicity tests. 

 

������� 4,300�5% lux 
	 � 24±1
 

� � 100r.p.m. 
 � � � � � �  

� � � � � � � � � � � �  
( � � � � 1.7�106-1.9�106 cell/ml 

MCV� 39-46�m3  ) 

BOD��������	
 15,000 
cells/ml � ��� 
 �� � � � � � � �  

��� � � � �� 
 �  

 

�� ! " # $ % &  
'Range finding ( ) � * & + 

�� ! � � ��" # $ %& 
'� Probit ( ) �* + , � � � � -

EC50 � . �/ 0 1 2  
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4.2.2  � � 	 
 � � 
 � � � �� � 	 
 � � 
 � � � �� � 	 
 � � 
 � � � �� � 	 
 � � 
 � � � �  

 

� � �P � � X F G � =ß ! � p " 

#$% F G � �P �  

÷ 10 mg ,� � /� 7® � � Ü � í 
i Acetonitrile�� 250 mL

Ý Y  g/Y ] 	â � r 0.1 L
} ~� 100 mg/L�/� º » � � �/

| Û F G Þ o p �E ß à ) P � ,A � Ù � HPLC F G � ~ d â � + " 

#K% Þ o p �P �  

� rF G � ~ d �/Y ÷Å � Þ o p ] û ® � s t u v , á ë  

gw x /â Ø ã Ü  ã �ä /å Ø 2 d ù 30æ/� ç Ü + 7A B ! �

g" 

£Ý ñ���/D Ë + HPLClA � â � � ¼ /ß 9 � p gà �

,� � � � � 
nominal concentration�/à ¨ ��,G à ~" è E �

Í � �� Ü � í ,é ê B S c /) 	Ý ñ��+ , Þ o p D R £��

� 1 õ ö � P Q /¾ ¿ é ê ë X ì í " 

#Ä% HPLC� ? Û  

(a) �³ Ê  

£â � �/�ç [ HPLC Ù ~ d D Û ks v Õ ó /	Ò ô Ó y " 

(b) HPLC ? Û î ï  

� Ü �ç l ð ß µ � ñ ò ó / � �+ ô õ 
acetonitrile�	× Ø

1.0 ml/min × î 30 � 	 "lð ß µ 
E � ö + c ð ß µ �� ñ ÷ � /

� µ ø ù "� â ? Û m n k̀ �
��� 220-254 nm
ú ± q � v û
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í �� ¼ m n �/ü ý ö Ò 
retention time�� 10 � 	 
 ü ý ö Ò þ

�é �, � ¼ 9 O ^ � � �/ A � � ² � � 20 µl/mobile phase × Ø

� 1.0 ml/min" 

	� + � û � � ÷A � ÷ È � û � g/� � � ¼ "| � ¼ � � �

�/�! £3 � � � Ü º » g h 
peak��� � ½ Y /� ! È $î ×

9 A ( g) ê 9 O �'8 =} ~" 

� µ ò ��/@ Y + ô õ 	 1 ml/min�× Ø × î 30 � 	 � ! ò

�"� × î º � /ò ó � µ = 3 � "�� ? Û × D Ú i Fig. 4.2.2" 
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Fig. 4.2.2 Flow chart of HPLC analysis. 
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4.3 ������	������	������	������	 

4.3.1���� � � � � � � �� � � � � � �� � � � � � �� � � � � � �  

��$��çÈÉ range finding ,ß ! /} ~ Á Â ¶ � Ä �	 g ,�


/Y l Á Â � f r ô � 
 3 � order/Y � î � õ r à â ,! �} ~ �/

| } ~ à â � /r ô ÈÉ 2 ñ ,& 8� � �A B ! �/| �� � � ,y �

£ 10 % < � � º X ��/	× 9 · G à ,���
" 

4.3.2���� � � � � �� � � � �� � � � �� � � � �  

l ��)ß ø � q � ��
iÖ 
 � p £ �=Ö À � � ��[Ã � �

Ü 9 } ~ � û Ø �
Probit�g 5 � /9 � q Ø �,í � Â Ã Ù ° = EC50

��� ¬ jÚ g × 9 
 � Ù ° ��/Û � � � � � " 
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4.4 ������������ QA/QC 

4.4.1���� � � � � � �� � � � � �� � � � � �� � � � � �  

�� � ���,G à ~ /[7 HPLC â � )� 2 ,Y 2 B @ Ù � � "

\ g ! � X 	¥ � O ¥ =ü ý öÒ � ' ï � � "Ý $�A B 9 O � ¶ Ù F

G � â � /Ë Ì � ñ � ¼ � D /9 � ,¥ � O ¥ � ü ý öÒ Ù Ð 5 Ü ,�

Ê" 

4.4.2���� ����� � 
 �� � 
 �� � 
 �� � 
 �  

Ë + 7 HPLC â � ö,F G � } ~ =¥ � O ¥ Ù ° B � ø Q Û � �

° h D �/ ­ � � } ~ â � öT + "Q Û ,� � ° ° B ò  ! ø �
r2�

è E f 7 0.95 	Ü h ��r ,� ò ~ / " A ,� ¼ � O � ± ª ��� D

,Ó y � Ò ô / # ] ��,G à ~ " 

4.4.3����  � ! " � # $ � ! " � # $ � ! " � # $ � ! " � # $  

( : ; v � £� ���$ Ò ,Å ~ ù $ þ £ 24 ± 1©½ Ð j/\ % ,

? Û m n D E ú 
 Lin[52])& f ø ,Á Â < �* + @ � Í ,R 48 õ öÒ �

D g ' ( ) O Ü ,c ~ � � ì í� N ( Ü * + � l , Ô ,c ~ $ þ £ù

4300 ± 5 % lux
64.5 �Em-2s-1�/ù 1 �- . ,öÒ ß � $ñ q �! �@ �

,c ~ /	à ¨ � ���� D � � ,$/ B " 
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��������� � � � �� � � � �� � � � �� � � � �  

5.1 � � � � � � % &� � � � � � % &� � � � � � % &� � � � � � % &  

( : ; 	�8é � Û + Ü f , v û í Û �A B 9 O /	� � �,& 8

A B ! �h C /Â Ã   0 � 1 �k� � � � � 
�DO�<
 9 O � 
Final 

Yield�=
 � �
Growth Rate���� 9 � ,�
È$î s 5 � EC50 ��

2 Q í � Â Ã Ù ° " 

Table 5.1.1-5.1.3 Rè j Probit Ø �5 � ø , EC50 �<3 � 
��<�

�
��= 95 % 4 5 6 Ò "£K � ' v û í | g /7 ç	� � � � � �Â

Ã   0 /cyclosulfamuron 8 � � cA B 
EC50 = 0.002 mg/L�/\ ñ R

halosulfuron-methyl
EC50 = 0.003 mg/L�/�z D � B 8, v û í / Â

B � 8 7 R A 8, clodinafop-propargyl 
EC50 = 6.987mg/L��Y ï 	 final 

yield �Â Ã   0 Û e 9 /A B � ° , v û í R cyclosulfamuron
EC50 = 

0.0008 mg/L�/\ ñ R halosulfuron-methyl
EC50 = 0.002 mg/L�/A B � 8

,: R clodinafop-propargyl
EC50 = 8.264 mg/L��� � 	 growth rate �Â

Ã   0 /A B � c� halosulfuro-methyl
EC50 = 0.0034 mg/L�/\ ñ � R

cyclosulfamuron 
EC50 = 0.0037 mg/L�/� é A ,: R clodinafop-propargyl


EC50 = 28.855 mg/L�"º » 	Ü Ä � � 9 � ,� � /ê 2 ; �

cyclosulfamuron � halosulfuron-methyl A B < � c8 /= �
( > ?̂ /

�z � Ò ,A B ! 	 � �R� � ," 

£Â Ã   0 @ A ~ h O /	 final yield �� @ A ,Â Ã   0 
B 70

��/\ ñ R �DO
B 30��/growth rate ,@ A ~ � 8 "6 	Û + Ü f

� 8ï C /A 8v û í Â ^	 �DO �� @ A ,Â Ã   0 
B 63��/B

8v û í 7 : 	 final yield �� @ A ,Â Ã   0 
B 83��"A 8v û í
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À 
 " A ,�� � � /\ �RD E ø F Í G ,/H ( I $ ,� � R A 8 v

û í ,[Â Ã   0 final yield � A @ A �A 8v û í ,Û + Ü f � � Re

f ô J K L A M � L ,¢ B / ô̂ J K L A M � L , N + � £7 ³ O p

£ ( > d X P Q � /� X p £ � > P O X à /� º ï C /" A ,Û + Ü f


 z ì í,= R p £ ( > /� �R S =T U Ü ,q f /" ß à @ � � [&

8p £ � � · V ,E W s È$ î : ; " 

Fig. 5.1.21 ,Ä �h D �Rú Russom et al.[53]<Aker et al.[54]= Ramos 

et al.[55][A B Ü f )Ù ø , � 8	=è j � � �& 8A B ! �) 9 � ,

h D �[56]/l ( : ; v û í ,A B ! ��
X 2 7 Ú Ü 
Fig. 5.1.21 ,�

Y �
0 �/ê 2 A<B �8v û í Z [ 7 ! ø ° ,Ü h /¬ " K � ' v

û í ,A B \ c 7 N ° A B  

Fig.5.1.1- 5.1.20 �( : ; v û í [& 8A B ! �,í � Â Ã Ù ° " 
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Table 5.1.1 Median effective concentration
EC50�based on dissolved oxygen 

production. 

Response based on DO 
Toxicants 

EC50 (mg/L) � � 95% Confidence interval 

Group A     
Clodinafop-propargyl 6.99  4.27  0.862  5.72 � 8.60 

Diclofop-methyl 0.192  6.08  1.51  0.169 � 0.219 

Fluazifop-p-butyl 0.074  5.94  0.830  0.045 � 0.115 

Propaquizafop 0.347  5.84  1.82  0.308 � 0.394 

Quizalofop-p-ethyl 0.045  5.89  0.660  0.025 � 0.081 

Clethodim 0.471  5.24  0.722  0.237 � 0.950 

Cycloxydim 0.474  5.44  1.35  0.387 � 0.580 

Tralkoxydim 3.83  4.12  1.51  3.13 � 4.69 

Group B     
Bensulfuron-methyl 0.089  5.60  0.565  0.032 � 0.196 

Chlorsulfuron 0.277  5.47  0.833  0.132 � 0.816 

Cinosulfuron 0.395  5.43  1.07  0.208 � 0.685 

Cyclosulfamuron 0.002  6.68  0.632  0.001 � 0.009 

Halosulfuron-methyl 0.003  7.20  0.897  0.003 � 0.004 

Metsulfuron-methyl 0.810  5.08  0.893  0.453 � 1.616 

Primisulfuron-methyl 0.149  5.98  1.18  0.130 � 0.173 

Rimsulfuron 0.144  6.02  1.22  0.106 � 0.196 

Imazamox 0.172  5.48  0.623  0.124 � 0.239 

Imazethapyr 5.66  4.11  1.18  4.95 � 6.53 

Flumetsulam 0.015  6.94  1.06  0.009 � 0.024 

Pyrithibac-Na 0.111  5.56  0.589  0.058 � 0.219 

 

 

 



 

 47

 

 

Table 5.1.2 Median effective concentration
EC50� based on final yield. 

Response based on FY 
Toxicants 

EC50(mg/L) � � 95% Confidence interval 

Group A     
Clodinafop-propargyl 8.26  3.90  1.20  4.17 � 20.5 

Diclofop-methyl 0.260  5.99  1.69  0.242 � 0.280 

Fluazifop-p-butyl 0.069  6.08  0.931  0.063 � 0.077 

Propaquizafop 0.504  5.57  1.90  0.366 � 0.729 

Quizalofop-p-ethyl 0.038  5.96  0.675  0.013 � 0.099 

Clethodim 1.06  4.98  0.788  0.636 � 1.748 

Cycloxydim 0.347  5.69  1.50  0.283 � 0.426 

Tralkoxydim 4.66  3.94  1.58  3.72 � 5.80 

Group B     
Bensulfuron-methyl 0.052  5.76  0.593  0.026 � 0.098 

Chlorsulfuron 0.075  6.80  1.60  0.039 � 0.135 

Cinosulfuron 0.255  5.62  1.05  0.144 � 0.471 

Cyclosulfamuron 0.001  6.97  0.631  3.8E-06 � 0.005 

Halosulfuron-methyl 0.002  7.23  0.857  0.001 � 0.005 

Metsulfuron-methyl 0.534  5.35  1.29  0.388 � 0.728 

Primisulfuron-methyl 0.085  6.73  1.61  0.080 � 0.090 

Rimsulfuron 0.090  6.45  1.39  0.065 � 0.127 

Imazamox 0.190  5.56  0.782  0.169 � 0.214 

Imazethapyr 4.38  4.06  1.46  3.27 � 5.82 

Flumetsulam 0.018  6.59  0.914  0.014 � 0.024 

Pyrithibac-Na 0.023  6.61  0.801  0.013 � 0.040 
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Table 5.1.3 Median effective concentration
EC50�based on growth rate. 

Response based on GR 
Toxicants 

EC50 (mg/L) � � 95% Confidence interval 

Group A     
Clodinafop-propargyl 28.9  3.00  1.37  17.4 � 103.7 

Diclofop-methyl 0.836  5.11  1.42  0.777 � 0.908 

Fluazifop-p-butyl 0.536  5.23  0.840  0.475 � 0.606 

Propaquizafop 1.44  4.73  1.70  1.18 � 1.91 

Quizalofop-p-ethyl 0.667  5.10  0.540  0.372 � 1.436 

Clethodim 9.31  4.21  0.820  5.46 � 19.9 

Cycloxydim 1.10  4.94  1.53  0.793 � 1.58 

Tralkoxydim 17.4  3.49  1.21  13.9 � 23.8 

Group B     
Bensulfuron-methyl 1.63  4.90  0.495  0.883 � 3.26 

Chlorsulfuron 0.320  5.52  1.06  0.203 � 0.533 

Cinosulfuron 1.70  4.82  0.804  0.808 � 3.42 

Cyclosulfamuron 0.037  5.56  0.393  0.010 � 1.82 

Halosulfuron-methyl 0.034  5.89  0.604  0.018 � 0.105 

Metsulfuron-methyl 3.16  4.48  1.03  2.22 � 5.65 

Primisulfuron-methyl 0.306  5.72  1.41  0.277 � 0.344 

Rimsulfuron 0.325  5.66  1.36  0.256 � 0.432 

Imazamox 2.93  4.69  0.661  2.61 � 3.33 

Imazethapyr 22.0  3.55  1.08  17.7 � 29.1 

Flumetsulam 0.205  5.52  0.760  0.168 � 0.259 

Pyrithibac-Na 0.243  5.44  0.719  0.156 � 0.399 
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Fig. 5.1.1 Dose-response curves of clodinafop-propargyl. 
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Fig. 5.1.2 Dose-response curves of diclofop-methyl 
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Fig. 5.1.3 Dose-response curves of fluazifop-p-butyl 
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Fig. 5.1.4 Dose-response curves of propaquizafop 
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Fig. 5.1.5 Dose-response curves of quizalofop-p-ethyl 
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Fig. 5.1.6 Dose-response curves of clethodim 
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Fig. 5.1.7 Dose-response curves of cycloxydim 
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Fig. 5.1.8 Dose-response curves of tralkoxydim 
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Fig. 5.1.9 Dose-response curves of bensulfuron-methyl 
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Fig. 5.1.10 Dose-response curves of chlorsulfuron 
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Fig. 5.1.11 Dose-response curves of cinosulfuron 
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Fig. 5.1.12 Dose-response curves of cyclosulfamuron 
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Fig. 5.1.13 Dose-response curves of imazamox 
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Fig. 5.1.14 Dose-response curves of imazethapyr 
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Fig. 5.1.15 Dose-response curves of metsulfuron-methyl 
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Fig. 5.1.16 Dose-response curves of primisulfuron-methyl 
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Fig. 5.1.17 Dose-response curves of rimsulfuron 
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Fig. 5.1.18 Dose-response curves of halosulfuron-methyl 
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Fig. 5.1.19 Dose-response curves of flumetsulam 
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Fig. 5.1.20 Dose-response curves of pyrithiobac-Na 
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Fig. 5.1.21 Herbicide toxicities and baseline toxicities based on �DO (�), final yield (	), and growth rate (
).
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Table 5.2.1 G values based on dissolved oxygen production in three models 

Toxicants G of Probit G of Logit G of Weibull Best fit 
Group A     

Clodinafop-propargyl -7.731*  -12.364  -20.208   
Diclofop-methyl 6.243  5.348*  -14.898   
Fluazifop-p-butyl -13.678*  -18.656  -45.701   
Propaquizafop 74.905  77.244  34.523*   
Quizalofop-p-ethyl -7.293*  -11.991  -27.920   
Clethodim 91.488  104.519  30.064*   
Cycloxydim 7.898  5.025*  -21.158   
Tralkoxydim 17.475  18.643  -8.865*   

Group B     
Bensulfuron-methyl -13.926*  -19.696  -40.882  Probit 
Chlorsulfuron -27.952*  -40.843  -59.496  (55%) 
Cinosulfuron -20.898*  -195.808  -191.701   
Cyclosulfamuron -1.790*  -6.359  -37.618   
Halosulfuron-methyl 3.777  2.004*  -20.822   
Metsulfuron-methyl 18.600  17.375  6.988*   
Primisulfuron-methyl 12.254  9.493  1.170*   
Rimsulfuron -9.828*  -20.857  -45.779   
Imazamox -12.061*  -16.145  -34.194   
Imazethapyr 18.619  15.379  -9.250*   
Flumetsulam -10.368*  -18.661  -47.009   
Pyrithiobac-Na -7.660*  -14.082  -30.796   
Percentage (%) 55 15 30  

* best fit 
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Table 5.2.2 G values based on final yield in three models 

Toxicants G of Probit G of Logit G of Weibull Best fit 
Group A     

Clodinafop-propargyl 31.005  33.067  -12.744*   
Diclofop-methyl -99.104*  -103.826  -121.965   
Fluazifop-p-butyl -107.803  -106.549*  -137.165   
Propaquizafop -38.206*  -43.826  -74.897   
Quizalofop-p-ethyl -146.499*  -156.187  -180.036   
Clethodim -38.007*  -38.975  -76.270   
Cycloxydim -85.856  -80.180*  -123.801   
Tralkoxydim -113.090*  -119.671  -141.641   

Group B     
Bensulfuron-methyl -119.778*  -120.645  -144.042  Probit 
Chlorsulfuron -110.833*  -122.510  -152.334  (75%) 
Cinosulfuron -59.728*  -310.757  -310.639   
Cyclosulfamuron -108.303*  -125.424  -160.895   
Halosulfuron-methyl -104.140*  -112.120  -140.136   
Metsulfuron-methyl -47.428*  -48.729  -67.418   
Primisulfuron-methyl -63.451*  -66.656  -87.641   
Rimsulfuron -35.595  -32.746*  -71.764   
Imazamox -87.504*  -91.273  -119.001   
Imazethapyr -100.395*  -115.034  -154.628   
Flumetsulam -75.358*  -79.156  -95.725   
Pyrithiobac-Na -108.345  -107.861*  -136.228   
Percentage (%) 75 20 5  

* best fit 
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Table 5.2.3 G values based on growth rate in three models 

Toxicants G of Probit G of Logit G of Weibull Best fit 

Group A     
Clodinafop-propargyl 53.983  46.666  38.307*   
Diclofop-methyl 0.018*  -7.620  -15.655   
Fluazifop-p-butyl 7.767  -0.277*  -14.961   
Propaquizafop 6.846  -2.535*  -10.895   
Quizalofop-p-ethyl -7.175*  -15.514  -24.093   
Clethodim 42.409  33.176  20.312*   
Cycloxydim 48.254  43.699  11.199*   
Tralkoxydim -10.356*  -20.501  -29.377   

Group B     
Bensulfuron-methyl 7.770  2.189*  -10.524  Probit 
Chlorsulfuron -30.097*  -42.629  -55.024  (45%) 
Cinosulfuron -11.331*  -37.305  -47.651   
Cyclosulfamuron -37.998*  -48.907  -56.532   
Halosulfuron-methyl -8.128*  -20.317  -31.456   
Metsulfuron-methyl -1.146*  -8.954  -17.865   
Primisulfuron-methyl 12.617  5.731  -0.780*   
Rimsulfuron 23.079  14.910  2.894*  
Imazamox 9.412  -0.089* -11.016   
Imazethapyr -17.041* -29.732  -39.084   
Flumetsulam 10.077  4.384  -1.615*  
Pyrithiobac-Na 26.336  22.561  1.562*  
Percentage ,- . 45 20 35  

* best fit 
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5.3 Low Toxic Effects 

| p � � � Á 9 O [
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° ï 5 � EC10 ,�/r ¶ s + Ð 5 h C 5 � NOEC = LOEC"( : ; ,
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Table 5.3.2 R ANOVA
analysis of variance�h C 9 � ,g � �=�

�/Ä �Â Ã   0 9 � ,Ñ H g � � � 1 R 11.3 %
�DO�<8.36 %
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Table 5.3.1 Relationship of NOEC, LOEC, EC10, and EC50. 

Chemicals � Endpoint NOEC LOEC EC10 EC50 EC10/NOEC EC10/LOEC EC50/NOEC EC50/LOEC EC50/EC10 

Group A �  �mg/L� �mg/L� �mg/L� �mg/L�      
Clodinafop-propargyl DO 0.2570 0.5140 0.2280P 6.987 0.887 0.444 27.2 13.6 30.6 
Diclofop-methyl DO 0.0320 0.0650 0.0250L 0.1920 0.781 0.385 6.00 2.95 7.68 
Fluazifop-p-butyl FY 0.0010 0.0020 0.0027L 0.0690 2.70 1.35 69.0 34.5 25.6 
Propaquizafop DO 0.0510 0.0980 0.0520W 0.3470 1.02 0.531 6.80 3.54 6.67 
Quizalofop-ethyl FY 0.0010 0.0060 0.0005P 0.0380 0.500 0.083 38.0 6.33 76.0 
Clethodim DO 0.0050 0.0520 0.0049W 0.4710 0.980 0.094 94.2 9.06 96.1 
Cycloxydim FY <0.043 0.0430 0.0440L 0.3470 > 1.14 1.023 > 8.07 8.07 7.89 
Tralkoxydim DO 0.6300 1.240 0.3130W 3.832 0.497 0.252 6.08 3.09 12.2 

Group B           
Bensulfuron-methyl FY 0.0001 0.0010 0.0004P 0.0520 4.00 0.400 520.0 52.0 130.0 
Chlorsulfuron FY <0.016 0.0160 0.0120P 0.0750 > 0.750 0.750 > 4.69 4.69 6.25 
Cinosulfuron FY 0.0040 0.0080 0.0150P 0.2550 3.75 1.88 63.8 31.9 17.0 
Cyclosulfamuron FY <0.0001 0.0001 0.00001P 0.0008 > 0.070 0.070 > 8.00 8.00 114.3 
Halosulfuron-methyl FY 0.0001 0.0005 0.0001P 0.0020 0.800 0.160 20.0 4.00 25.0 
Metsulfuron-methyl FY 0.0100 0.0500 0.0540P 0.5340 5.40 1.08 53.4 10.7 9.89 
Primisulfuron-methyl FY 0.0100 0.0200 0.0135P 0.0850 1.35 0.676 8.50 4.25 6.29 
Rimsulfuron FY 0.0060 0.0130 0.0104L 0.0900 1.73 0.800 15.0 6.92 8.65 
Imazamox DO <0.0030 0.0030 0.0015P 0.1720 > 0.500 0.503 > 57.3 57.3 113.9 
Imazethapyr FY <0.3060 0.3060 0.5810P 4.384 > 1.90 1.90 > 14.3 14.3 7.55 
Flumetsulam DO 0.0010 0.0020 0.0009P 0.0150 0.900 0.450 15.0 7.50 16.7 
Pyrithiobac-Na FY <0.0010 0.0010 0.0005L 0.0230 > 0.600 0.500 > 23.0 23.0 46.0 

Average �      1.60 0.666 52.9 15.3 38.2 

Endpoint: the most sensitive response endpoint.     P, W, and L represent the best fitted model: Probit, Weibull, and Logit, respectively. 
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Table 5.3.2 Statistical parameters based on three endpoints 

�  DO �  �  Final Yield �  � Growth Rate 
Toxicants 

Sw F-ration cut-off value�� � Sw F-ration cut-off value�� � Sw F-ration cut-off value�� � 

Clodinafop-propargyl 0.30  198.4  6.42  11734.2 287.6  6.50  0.08  49.61  10.6  

Diclofop-methyl 0.39  24.83  21.2  9080.81 152.3  8.44  0.03  213.7  5.06  
Fluazifop-p-butyl 0.21  240.8  8.33  8344.77 343.5  6.85  0.03  551.3  4.48  
Propaquizafop 0.57  22.25  26.0  12918.3 210.6  7.90  0.04  183.9  5.60  
Quizalofop-p-ethyl 0.31  52.42  15.2  11382.4 86.19  11.5  0.06  67.64  10.3  
Clethodim 0.35  87.76  13.2  12989.1 138.1  9.71  0.05  156.8  6.99  
Cycloxydim 0.29  131.2  10.5  8011.17 345.5  6.62  0.03  691.2  4.41  
Tralkoxydim 0.54  31.66  19.9  8493.95 167.8  7.95  0.04  119.2  6.57  
Bensulfuron-methyl 0.40  127.9  11.3  13433.8 139.0  10.3  0.05  156.6  7.67  
Chlorsulfuron 0.16  212.2  6.14  12015.1 278.1  7.71  0.05  209.1  7.09  
Cinosulfuron 0.07  5606.2  1.96  9938.21 426.1  6.70  0.04  385.3  5.90  
Cyclosulfamuron 0.27  151.7  8.79  21754.3 70.47  13.4  0.05  126.9  6.59  
Halosulfuron-methyl 0.29  106.6  10.8  11820.7 129.0  9.34  0.08  43.45  11.6  
Metsulfuron-methyl 0.34  94.93  9.47  10516.4 419.3  5.90  0.03  288.6  4.33  
Primisulfuron-methyl 0.33  45.58  11.9  10889.8 189.8  7.46  0.04  160.3  5.48  
Rimsulfuron 0.20  549.9  4.62  13974.6 152.7  9.68  0.04  225.3  6.08  
Imazamox 0.23  199.3  7.16  9593.13 286.6  6.49  0.05  136.0  6.69  
Imazethapyr 0.32  155.1  7.93  8739.78 358.5  5.98  0.03  314.7  4.16  
Flumetsulam 0.37  52.09  17.0  13759.8 143.5  8.80  0.06  70.45  8.63  
Pyrithiobac-Na 0.16  189.9  7.30  11342.5 135.4  9.95  0.05  250.8  6.84  
Average  0.30 414.0 11.3 11536.6 223.0 8.36 0.05 220.0 6.75 

Sw: variation between columns.       F-ration: the ratio of variation within columns to variation between columns.
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Table 5.4.1 EC50/LC50 values of this study and literatures. 
 

P. subcapitata BOD test, 48h EC50 D. magna P. subcapitata R. trout Bluegill L. gibba 
Toxicants 

DO FY GR 48h EC50 96h EC50 96h LC50 96h LC50 14d EC50 

Group A         

clodinafop-propargyl 6.99 8.26 28.9 59.5 [68] 30.6 [68] 0.390 [68] 0.240 [68] 2.40 [68] 

Diclofop-methyl 0.201 0.464 0.999 0.230 [68]  0.540 [68] 0.540 [68]  

Clethodim 0.471 1.06 9.31 20.2 [68] 22.9 [67] 19.0 [68] 33.0 [68] 1.34 [68] 

Tralkoxydim 3.83 4.66 17.4  7.70 [68]   2.60 [68] 

Group B         

Metsulfuron-methyl 0.800 0.534 3.16 150.0 [68] 24.7 [67]   0.0004[70]  

Chlorsulfuron 0.277 0.075 0.320 370.0 [68] 0.135 [68] 250.0 [68] 300.0 [68] 0.0007[70]  

Cinosulfuron 0.395 0.255 1.70      

Bensulfuron-methyl 0.089 0.052 1.63  13.6 [67]    

Halosulfuron-methyl 0.003 0.002 0.034 107.0 [68] 0.004 [68] 131.0 [68] 118.0 [68] 0.00004 [68] 

Primisulfuron-methyl 0.149 0.085 0.306 142.0 [68] 0.024 [68] 210.0 [68] 180.0 [68] 0.0003 [68] 

Imazamox 0.172 0.190 2.93 122.0 [68]  112.0 [68] 119.0 [68] 0.011 [68] 

Imazethapyr 5.66 4.38 22.0 1000.0 [68] 59.2 [68] 344.0 [68] 423.0 [68] 0.067 [71] 

Flumetsulam 0.015 0.018 0.205 254.0 [68] 23.9 [67] 300.0 [68] 300.0 [68] 0.003 [68] 

Pyrithiobac-Na 0.111 0.023 0.243  0.095 [68] 1000.0 [68] 930.0 [68] 0.001 [68] 

Unit: mg/L 
[  ]: reference number 
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Table 5.5.1 Comparison of herbicide toxicities and environmental concentrations. 
 

Herbicides  NOEC LOEC EC10 EC50 
Environmental 
concentration  

Fluazifop-p-butyl 0.0010  0.002  0.0027  0.069  0.010A 

Bensulfuron-methyl 0.0001  0.001  0.0004  0.052  0-0.003B 

Metsulfuron-methyl 0.0100  0.050  0.0540  0.534  0.024C 

Primisulfuron-methyl 0.0100  0.020  0.0135  0.085  0.020-0.050D 

Cinosulfuron 0.0040 0.008 0.0150 0.255 0.003-0.030E 

Imazethapyr <0.3060 0.306  0.5810  4.38  0.00001F 

Flumetsulam 0.0010  0.002  0.0009  0.015  0.00001F 

Unit: mg/L 
A: Residual concentration in soil at the time of harvest due to spray of 
fluazifop-p-butyl to soybean crop in the 90th day. [72] 
B: Concentration of bensulfuron-methyl in the Arakawa River and its tributary rivers 
and drainages during 14 days in 1991. [73] 
C: Expected environmental concentration. [76] 
D: Expected environmental concentration. [74] 
E: Environmental concentration in paddy fields. [75] 
F: Median concentration in 25 samples of Midwestern ground waters, United 
States.[20] 
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