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NH4
+

NO3

NO2-

FeTOT

Na+

K+

Ca2+

Mg2+

Mn2+

Summer
Spring

: Changes in the                                               

hydrochemical conditions

1 : April 21

2 : May 05

3 : May 19
4 : June 02

5 : June 15

6 : June 30
7 : July 20
8 : August 06

9 : August 29
10 : September 29

Sampling:

: Sample from gravel filter

: Sample from SDZ
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n.a. not applicable 
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Note: n.d. = not detected���' #$*�

2009 2010 2011 

H
y

d
ro
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Rainfall [mm] 140 144 130 

Runoff coefficient [%] 0.82 (0.05-2.6) 0.80 (0.01-1.98) 1.18 (0.11-2.39) 

Inflowing runoff volume [m3] 408 609 645 

Number of runoff events [-] 19 33 24 

Quiescent period [day] 11 (0.1-28) 7.4 (0.15-11) 10 (0.06-28) 

Glyphosate use [kg] 3.883 1.303 5.371 

SECgly [%] 0.07 0.2 0.06 

H
y

d
ro

ch
em

is
tr

y
 

Temperature [°C] 16.6 (4.9-24) 11 (3.5-16) 14 (8.5-18) 

pH [-] 7.3-8.1 6.2-8.1 7.4-8.1 

Redox potential [mV] 153 (39-260) -50 (-216-142) 249 (106-334) 

Dissolved oxygen [mg L-1] 6.9 (1.5-13) 9.7 (3.6-12) 2.9 (0.5-8.5) 

Total suspended solids [mg L-1] 15 (0.6-97) 20 (7.2-34) 30 (4.9-96) 

Dissolved organic carbon [mg L-1] 14 (3.0-22) 5.2 (1.3-9.5) 7.2 (4.6-10) 

Total phosphorus [mg L-1] 0.11 (n.d.-0.31) 0.05 (n.d.-0.39) 0.48 (0.38-0.84) 

Orthophosphorus [mg L-1] 0.41 (n.d.-1.86) 0.26 (n.d.-1.23) n.d. 

Vegetation cover [%] <1 - 25 100 100 

  Inlet Outlet Inlet Outlet Inlet Outlet 

G
ly

p
h

o
sa

te
 a

n
d

 A
M

P
A

 

Glyphosate concentration [µg L-1] 3.6 (0.2-11.0) 0.1 (n.d.-0.7) 30 (0.1-110) 0.2 (n.d.-1.7) 26 (n.d.-150) 0.1 (n.d.-0.8)

AMPA concentration [µg L-1] 1.1 (0.1-2.3) 0.4 (n.d.-0.7) 5.7 (n.d.-19) 0.3 (n.d.-0.9) 3.1 (n.d.-7.0) 0.1 (n.d.-1.1)

MELgly [g] 2.37 0.61 14 1.49 21 0.27 

%AMPA [%] 35 (11-50) 79 (0-100) 27 (0-92) 73 (0-100) 34 (5-100) 36 (0-100) 

MELgly removal [%] 75 89 99 

Glyphosate load removal [%] 92 95 100 

AMPA load removal [%] 30 76 95 
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31/5 - 7/6  7 - 14 2 

7/6 - 14/6  14 - 21 3 
flushing with  

non-contaminated 

 tap water 

dry period 

14/6 - 21/6 21 - 28 4 
Batch load 

21/6 - 28/6  28 - 35 5 

28/6 - 5/7  35 - 42 6 dry period 
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2nd step injection Batch load 

12/7 - 19/7 49 - 56 8 

19/7 - 26/7 56 - 63 9 
flushing with  
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9/8 - 16/8 77 - 84 12 dry period 
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Redox sensitive species concentrations [µM] mean ± SD 

Oxygen  NO3  Fe Mn SO4 

Acetochlor 

Oxic zone 215 ± 16 399 ± 110 1.6 ± 2 0 ± 0 489 ± 51 

Transition zone 142 ± 74 373 ± 56 0.9 ± 0.7 0.1 ± 0 476 ± 72 

Anoxic zone 2 ± 5 69 ± 13 3.9 ± 4.8 0.6 ± 0.4 367 ± 92 

Metolachlor

Oxic zone 204 ± 19 419 ± 66 3 ± 4 0.1 ± 0.1 447 ± 99 

Transition zone 146 ± 25 385 ± 64 1.6 ± 2.1 0.2 ± 0.2 486 ± 32 

Anoxic zone 55 ± 5 165 ± 78 1.7 ± 1.5 0.6 ± 0.4 472 ± 28 

Control 

Oxic zone 228 ± 19 421 ± 53 2.2 ± 3.5 0.1 ± 0 426 ± 108 

Transition zone 217 ± 22 436 ± 58 0.9 ± 0.7 0.1 ± 0.1 492 ± 29 

Anoxic zone 62 ± 39 274 ± 143 2.1 ± 2.5 0.1 ± 0 378 ± 125 

Alachlor 

Oxic zone 194 ± 28 378 ± 119 1.9 ± 1.7 0.1 ± 0 457 ± 84 

Transition zone 101 ± 59 352 ± 76 1.9 ± 2.8 0.1 ± 0 472 ± 120 

Anoxic zone 4 ± 13 151 ± 86 2.3 ± 3 0.2 ± 0.2 394 ± 105 
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"����	��� OGO� K,KM� C0911� � RONE� H,HH� C19'J� � MEOH� H,HF� C19'O�

$)�$� JEN� K,KK� *9�9� � EMJE� R,NN� C19(L� � EHRN� R,NN� C19I0�

4��7	���� EN� K,RR� C)9')� � N,M� K,KJ� C19IO� � JM,O� K,RO� C)9L(�

<����7���

����"
�

E� K,KG� )9)2� � EO,N� K,ME� C)9(O� � EH,N� K,MF� C)9(0�

;��	
	7"
� JRN� K,EO� 292I� � RO,O� K� *9�9� � JNJ,O� K,EO� CJ91I�

*"������	��
� K� K� *9�9� � EJ,H� E,JG� C29OO� � EJ,H� E,JG� C29OO�

���	(���� ER� K� *9�9� � J,E� K,KK� *9�9� � EO,E� K� 2�

%������"
	(���� EK,M� K� *9�9� � R,G� K� *9�9� � EM,J� K� 2�

%���	���	(�
�� R,G� K,EG� C)9J)� � N,R� K,NR� C)922� � EE� K,FJ� C)92L�

%��	
� EJEF� J,KN� C19''� � HGEF� EFH� 19O� � GKRF� EFG� C)9I)�

�

�
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.�!3�#*��

.�*��*������*���*���� ������

�*����$'�Z0%� ��� �#�����$'�Z))%� ��� �*����$'�Z1%� �#�����$'�Z1%�

S[���C)T� �� S[���C)T� �� S!�T� S!�T�

)(�7"�������� �,�,� >� �,�,� >� K� K�

�"��7	��
� �,�,� >� �,�,� >� K� K�

�"�������
� �,�,� >� �,�,� >� K� K�

�	�����	(���� �,�,� >� �,�,� >� K� K�

������������� K,KF�2�,�,�>�K,ER3� K,KH� �,�,� >� R,EJ� K�

������� �,�,� >� �,�,� >� K� K�

��* � �,�,� >� �,�,� >� K� K�

��*; � �,�,� >� �,�,� >� K� K�

R�M���)� K,KR�2�,�,�>�K,EK3� K,KO� �,�,� >� E,MK� K�

!
�+���7����� �,�,� >� �,�,� >� K� K�

�
�������	��� �,�,� >� �,�,� >� K� K�

�
"����	��� K,GO�2K,MK�>�E,RK3� K,MJ� K,EJ�2�,�,�>�K,MK3� K,EJ� EJ,J� E,GK�

);*)� K,OG�2K,OK�>�K,HK3� K,KO� K,ON�2K,MK�>�K,GK3� K,ER� EM,F� N,JK�

4��7	���� �,�,� >� �,�,� >� K� K�

<����7�������"
� �,�,� >� �,�,� >� K� K�

;��	
	7"
� �,�,� >� �,�,� >� K� K�

*"������	��
� �,�,� >� �,�,� >� K� K�

���	(���� �,�,� >� �,�,� >� K� K�

%������"
	(���� �,�,� >� �,�,� >� K� K�

%����	���	(�
�� �,�,� >� �,�,� >� K� K�

	�$��/����@�������KE�������������RK��JKKF�
�� �	
��
	���� ���/����@������� ER� 	������������ ER�� JKKF� 2�����
���� 
�	���/���� ���� �	
��
	���� +��� ����
/��
�� ������� 2@������� KE� ��� ��������� RK�� JKKF3� ���� ��� ������������� +���(���� ������� ��	������ +����
���������ER�
�����������������������������������+�����++������	���3�
����������+�	�	
"�����	��
���

�
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'�&/"!��&�%'�#�"�!'"/�!$��G�0-��"�#���H-��#&#�#'"$*�

Day 0 (March 23
rd

) Day 84 (June 15
th

) Day 168 (September 7
th

) 

50 µm – 

250 µm 
250 µm - 1mm >1mm 

50µm – 

250 µm 

250 µm - 

1mm 
>1mm 

50 µm - 

250 µm 

250 µm - 

1mm 
>1mm 

Physico-

chemical  

composition 

OC [%] 16.67 14.95 13.88 13.47 15.18 15.32 15.90 15.01 15.51 

SiO2 [%] 49.47 49.62 48.62 49.90 49.60 49.10 50.20 50.30 49.50 

Al2O3 [%] 10.29 11.64 11.82 12.48 11.95 12.65 11.17 12.43 11.66 

MgO [%] 2.04 2.24 2.23 2.15 2.03 1.97 1.93 2.09 1.98 

CaO [%] 12.90 11.80 14.20 11.55 11.63 11.76 12.28 10.59 12.66 

Fe2O3 [%] 4.53 5.15 5.27 5.08 4.76 5.07 4.43 4.78 4.69 

MnO [%] 0.08 0.09 0.08 0.09 0.08 0.08 0.07 0.07 0.08 

TiO2 [%] 0.57 0.61 0.60 0.58 0.52 0.56 0.55 0.57 0.54 

Na2O [%] 0.61 0.45 0.45 0.40 0.40  -  0.60 0.40 0.40 

K2O [%] 2.10 2.36 2.39 2.55 2.55 2.72 2.32 2.70 2.50 

P2O5 [%] 0.39 0.36 0.32 0.22 0.21 0.21 0.25 0.21 0.21 

pH [-] 7.64 n.a. n.a. 

Texture 

Clay [%] 16 22 38 

Silt [%] 25 26 44 

Sand [%] 59 52 18 

�

�

�

�

�
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$%$,#'+#+�$-&!+$4��'+�2# #"�"!-'��'+�!'2#�"#7��"#$*��/�3-0��!+���R
�4��/,�-+!'!&���R��4�+!0#'-�-'�3-&#����)�4�+!"�!-���7���"#$������4�0&%+!-?-'!&��)�=�4�

 &/,�-$�"#��:�R�4�
��
4�C�#$-?!���#"�/&��L��4��#"�&�?/&������4�,/�!�#"��'!&���R	�4�$,!�-?��!'#��������'+�"#"���-'�3-&#������*�

  Unit CYA CYP DIF DIT FLU GLY AMPA KM MET PYR SPI TET 

Water solubility (20°C) [mg L
-1

] 0.114 13 15 2 - 6.2 1.8 10500 5.8 2.0 26000 121 405 156.6 

Log Kow [-] 3.2 4 4.36 1.33  4.12  -3.2  -1.63 3.40 1.65 2.84 2.89 3.56 

DT50 aerobic-anaerobic soil [day] 10 - n.a. 126 - 183 130 - n.a. 0.1 164 - n.a. 96 - 22 n.a.   2 - 1 n.a. n.a. 25 n.a. 

Aqueous photolysis DT50 (pH=7) [day] 0.1  13.5 stable stable 10 69 n.a. 28 stable stable 50.5 217 

Aqueous hydrolysis DT50 (20°C, pH=7) [day] 25 stable stable 1.3 stable stable n.a. 34 106 stable stable stable

EC50 [ppm] 0.19  0.033 0.77 0.073 0.4  40 n.a. 0.186 28 2.9 6.1 3.0 

Water  

Detection limit [µg L
-1

] 0.03 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.01 0.02 0.02 0.02 

Quantification limit [µg L
-1

] 0.1 0.02 0.05 0.05 0.05 0.1 0.1 0.1 0.02 0.05 0.05 0.05 

Analytical uncertainty [%] 24 27 25 21 23 26 24 23 25 26 23 25 

Bed sediments and TSS 

Detection limit [µg kg
-1 

dry] 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 

Quantification limit [µg kg
-1 

dry] 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Analytical uncertainty [%] 33 32 26 45 32 36 37 28 27 30 35 28 

Vegetation and invertebrates 

Detection limit [µg kg
-1 

wet] 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 

Quantification limit [µg kg
-1 

wet] 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Analytical uncertainty [%] 30 21 25 43 23 33 31 25 25 26 25 27 

Source: Pesticide Properties Data Base (PPDB) (http://sitem.herts.ac.uk/aeru/projects/ppdb/index.htm) 

�
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Eq S1. Detailed calculations of monthly dissipated pesticides and pesticides stored in the 

wetland compartments are provided in the following equation: 

where VIN i
 denotes the inlet water volume and VOUT i

the outlet water volume, CIN DISS i
, COUT 

DISS i
and CIN TSS i

, COUT TSS i
 are pesticide concentrations measured in the week i, in the 

dissolved phase (<0.7 µm) and in TSS at the inlet and outlet respectively, and MIN TSS i
and 

MOUT TSS i
 stands for the TSS loads measured at the wetland inlet and the outlet respectively. 

Cj represents pesticide concentrations and Massj the (bio)mass of the wetland compartments j, 

i.e. algae, Phragmites australis roots, Phragmites australis aerial parts, invertebrates, bed 

sediments 50-250 µm, bed sediments 250 µm–1000 µm and bed sediments >1000 µm. 

Pesticide loads stored in the forebay and the gravel filter water were calculated as the sum of 

the dissolved and the solid-bound loads where VFOREBAY and VFILTER are the water volumes 

stored in the forebay and the gravel filter respectively; CFOREBAY DISS, CFILTER DISS and 

CFOREBAY TSS, CFILTER TSS are the pesticide concentrations measured  monthly, and MFOREBAY 

TSS and MFILTER TSS represent the TSS loads measured in the forebay and in the gravel filter 

respectively. 
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&$��#4�)��'�#��+%�!' �"�#�,#�!-+$��(��4���(

�����'+����(��5�+�/$*�
'�&/"!��&�%'�#�"�!'"!#$�.#�#��G�0-����H-��!-'$4��#"�&$��'+����7-'��-'�#'"��"!-'$*���#�!$!-'�.�$�U��*�G�0-���-'+%�"!2!"/��'+�

+!$$-&2#+�-?/ #'��#�$%�#�#'"$4�U��*����0-��,>��'+�U�������0-���#+-?�,-"#'"!�&*�

�

Day 0 - Day 56 Day 56 - Day 142 Day 142 - Day 168 

Parameter Unit INLET FOREBAY OUTLET INLET FOREBAY OUTLET INLET FOREBAY OUTLET 

D.O. ppm n.a. 3.86 ± 4.09 n.a. n.a. 0.28 ± 0.27 n.a. n.a. 0.21 ± 0.19 n.a. 

Redox mV n.a. 47 ± 160 n.a. n.a.  -44 ± 35 n.a. n.a. n.a. n.a. 

pH  -  n.a. 7.34 ± 0.29 n.a. n.a. 7.08 ± 0.26 n.a. n.a. 7.03 ± 0.16 n.a. 

E.C. µS cm
-1

n.a. 925 ± 130 n.a. n.a. 513 ± 106 n.a. n.a. 448 ± 44 n.a. 

Temp.  !� n.a. 11.93 ± 2.54 n.a. n.a. 16.93 ± 1.75 n.a. n.a. 15.475 ± 0.10 n.a. 

TOC ppm 44.34 ± 18.21 7.22 ± 3.24 6.16 ± 1.79 26.72 ± 9.33 14.54 ± 13.86 10.3 ± 6.32 21.4 ± 9.93 12.43 ± 0.86 12.88 ± 7.11

DOC ppm 32.82 ± 11.81 6.6 ± 2.85 5.78 ± 1.39 21.62 ± 8.61 11.8 ± 3.74 8.78 ± 1.01 22.89 ± 9.86 12.47 ± 0.92 12.67 ± 7.00

Al
3+

  ppm 0.08 ± 0.05 0.05 ± 0.02 0.04 ± 0.03 0.17 ± 0.11 0.04 ± 0.03 0.03 ± 0.01 0.07 ± 0.04 0.03 ± 0.02 0.05 ± 0.08 

Fe
3+ ppm 0.10 ± 0.09 0.04 ± 0.04 0.01 ± 0.02 0.21 ± 0.14 0.15 ± 0.13 0.09 ± 0.06 0.15 ± 0.05 0.2 ± 0.1 0.54 ± 0.98 

Fe
2+

  ppm 0.80 ± 0.94 0.04 ± 0.03 0.04 ± 0.06 0.51 ± 0.81 0.17 ± 0.17 0.21 ± 0.16 0.09 ± 0.07 0.07 ± 0.06 0.04 ± 0.03 

Cu
2+

  ppb 23.14 ± 13.17 7.32 ± 2.29 7.04 ± 2.72 36.59 ± 19.62 8.48 ± 3.38 5.84 ± 3.41 34.03 ± 13.17 4.91 ± 2.06 3.79 ± 3.64 

SO4
2-  ppm 77.92 ± 103.06 204.56 ± 25.72 209.29 ± 22.14 8.68 ± 3.07 48.79 ± 66.08 36.20 ± 46.62 5.58 ± 2.85 4.73 ± 3.49 4.17 ± 2.6 

NO2
-
   ppm 0.36 ± 0.21 0.19 ± 0.04 0.11 ± 0.09 0.1 ± 0.11 0.09 ± 0.13 0.09 ± 0.14 0.04 ± 0.08 0.02 ± 0.05 0.04 ± 0.07 

NO3
- 
  ppm 0.99 ± 0.39 4.44 ± 4.17 1.57 ± 1.55 0.92 ± 0.77 0.41 ± 0.51 0.96 ± 0.15 0.3 ± 0.61 0.36 ± 0.33 0.46 ± 0.56 

NH4
+ ppm 0.16 ± 0.09 0.06 ± 0.09 n.d. 0.09 ± 0.06 0.09 ± 0.15 0.04 ± 0.06 0.03 ± 0.05 0.11 ± 0.25 n.d. 

PO4
3- ppm P 0.43 ± 0.03 0.45 ± 0.03 0.42 ± 0.04 0.64 ± 0.12 0.55 ± 0.17 0.55 ± 0.17 0.53 ± 0.21 0.38 ± 0.04 0.36 ± 0.03 

Average Value ± standard deviation 
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"���� K,NH� e�K,KKE�
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����������$������	����+����FOY����ROY�+���E�����	�����
��	��ROY�+���O����,�%���+
�/��	���/	��

K,R��'����>E,�%���	�	
"���	
���
����/	��	����EOK�R����
������*�
	��%��� 2�	����
�� ��(��Rs���


������EOK�����������	
���	������R���3�	���	������
�������M�R�*�
	��%����RK����2;	�����"�

�	��
��!�	���3,���
���������������	�����/	������	��HKp�����	�����������������	�	�����	�����	.�

��	���,� %��� �	��� ������������� 2;�3� /	�� 	� %������ %�n� n�	����� ����
�� #�	�����
�� �	���

�������������2'��� 
����!�	���3�����	����������	���	�����
��������	"�����(	�����21��43�������,�

%����	��� ������	�/���� ��������� ��� ���� ���	����� ��������� 2���	"� ��
�	��
� ROKK� 53� +��� ���� H�

����	�	��������������	������������������������2���	"���
�	��
�MJOK�53�+�������������	
���	��	���

)
	��
��>�ER,� %��� �	�������� ������	����� /	�� RKKp��� ���	��� �	�� �J� ��������� EK� 2	�����	�"�

�����3��	�7�
�	�"��	�����������JK�2	�����	�"������3�������/�����	�����������K�	�������������	��+���

�	��

	�"�������	�����RKKp�,�%������������������"������
���
����	���������������������	�����/	��

	�������� �������� ����	�#����������+� ��
������ ��	����������������� 2��;3� ��	���������/����;�;�

����,� !��� ������+��	����� �+� ���� �������� ����������� �/�� ��;� ��	��������� 	��� 	� �������� �	����

���/��������	����	������+������/��������(�����;���	���������2��;E���;J3�/���������	
����

/��������������������	������,�'�������+�����������/����K,KH��K,KJ��K,KJ��K,EK��K,KH��K,KM�s��'>E�

	��� 
������ �+� #�	���+��	����� /���� K,EK�� K,KJ�� K,KM�� K,EH�� K,EK�� K,KH� s�� '>E� +��� )�@X)�� )���)��

)
@X)��)
��)��;@X)�	���;��)������������
",�4�+���	�����	�������;���	���������	���	�	
"���	
�
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5��3�����"� �*��� ������ ���� ���� ���� &������ ����

:��!#��� �C�� �EM1JK�
�@J� �EM1JK�
�@J� �EO1JJ�
�@J��

&����#����8��� ��� ��!��C)� JHF,NN� JHF,NN��
JGR,G��

&����#����"��#��#��� �C��

�

�

���#��������*�8�����$12\.%� !���C)� JGJ� JMK� ORK�

��*�����*"��*��$1(\.%�� 5��!J�!��C)� J,E�7�EK>KR�� R,JK�7�EK>KR�� J,MK�7�EK>KR��

����@�8�$3��'R�12\.%� �C�� M,EM� R,KF� R,M�

@��� !���C)� EOH� EJM� EJK�
�	(2�"����$�������%� ���"� EM� EM� FK�
�	(2�$�������%�$12\.R�4����%� ���"� EJ,E� EM� JE�
�	(2�3 �����"�"��$3��'%�� ���"� ��	�
��� K,O� ��	�
��
�	(2� ������"�"��$3��'R�12\.%�� ���"� ��	�
�� RK�2*)�3� ��	�
��
�	(2�"���!�*�"� ���"� EF,N�� J� RHO�
�	(2�8����� ���"� MK,O�� �>� GG�
������
�*���������������������	�	�	�����
����
�2����
�������,�����,	�,�.�	�������6��������������7,���3� ��

��
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��
3
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�

����*�"�H��� S!!T� E�>�J� K,M�>�K,HR�

5���"���� S+���QT� ME,F�\�K,E� MR,F�\�K,G�


#�A���*"����
S���!C

JT�
K,HF�\�K,KJ� K,NJ�\�K,KE�

�����#����
��*�#���+����

S!�"C)T� E,R�EK>R�\�R,G�EK>O� E,KM�EK>R�\�E,O�EK>M�

.
 
�!
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��
��
�
!
3
�
"�
��
�
*
��

����*��������*�

S!QT�

K,EO�\�K,KO� K,RE�\�K,KG�

���1� FE,J� FG,O�

��1�J� M,J� E,K�

&��� K,E� �>�

.��� K,J� �>�

:�1�J� K,O� K,E�

&*�� �>� �>�

	��1� �>� �>�

��1�� K,M� �>�

@1�� J,O� K,M�

51�(� K,E� �>�
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	��
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�1� >� N,G�\�K,E�

��� s����>E� NFJ�\�FK�

�
>� ���
�'>E� R,KJ�\�E,KF� J,FK�\�E,JJ� J,FG�\�E,ER� R,KE�\�E,EJ�

�@MJ>� ���
�'>E� K,OO�\�K,KR� K,OM�\�K,KR� K,OM�\�K,KMO� K,OO�\�K,KR�

�@R>� ���
�'>E� K,MG�\�K,KR� K,MN�\�K,KO� K,MG�\�K,KM� K,MF�\�K,KM�

��� ���
�'>E� K,JJ�\�K,KE� K,JJ�\�K,KE� K,JJ�\�K,KE� K,JJ�\�K,KE�

)
� s��
�'>E� E,JJ�\�K,NR� E,JE�\�K,NJ� E,RM�\�K,GJ� E,NR�\�E,JM�

;�� ���
�'>E� K,FN�\�K,KM� K,FN�\�K,KM� K,FN�\�K,KO� K,FN�\�K,KO�

�	� ���
�'>E� R,JR�\�K,MG� R,JR�\�K,RR� R,JM�\�K,MK� R,JN�\�K,OK�

!�� s��
�'>E� E,FE�\�J,MM� J,MF�\�J,KO� J,KM�\�J,HF� J,MG�\�J,KK�

;�� s��
�'>E� K,EO�\�K,KF� K,EH�\�K,EK� K,EH�\�K,KF� K,EH�\�K,KF�

�	� ���
�'>E� K,FK�\�K,KN� K,FR�\�K,KN� K,FE�\�K,KN� K,FJ�\�K,KO�

<� ���
�'>E� K,KJ�\�K,KE� K,KR�\�K,KE� K,KJ�\�K,KE� K,KJ�\�K,KE�

*� s��
�'>E� K,RO�\�K,EK� K,GM�\�E,EM� K,RG�\�K,ER� K,ME�\�K,EH�
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4��&���&-����
4��&���&-���A
4���#"-��&-����
4���#"-��&-���A
*

G#�*��4������*� ���*��4������*� ����*���*���!��$!�*%� ����+����$Q%� ���$Q%�

�
.
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�,
&
�� . ���������*������

 ��������"�

�� ��#� ������*�)�$!,H%� ��#� ������*�1�$!,H%� � � �
������ ���� EMH� ERE� EO,R� MR� G�

���� ���� EGG� EHK� EO,MN� GJ� G�

&������ ���� EHJ� ERR� EH,NG� FH� G�

�*���*���"��*�����
���� ���C+��� ENJ� �� EO,R� >� >�

&������ ���C+�� ERM� �� EH,NE� >� >�

�
.
C&
�� ����������*�3���#��"�

	��*"����*���&)� 	��*"����*���&1� �� �� ��

������ �����U�� EMH� EMM� EK� K,H� K,RO�

������ �������� EMM� EHJ� EK,O� EK,HF� R,GJ�

���� �����U�� EHK� EOG� F,N� E,RJ� E,EH�

���� �������� EHK� ENH� EK,E� O,EE� H,MH�
&������ ����

�U�� JKH� ENJ� EE,RH� R,JG� R,FN�
&������ ����

���� EJE� EFJ� F,F� K,OG� K,MJ�

�*���*���"��*����� ���� ���C+��� JOE� ENO� EG,R� >� >�
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���� 	��� ������������ �+� ���� 	������ �+� ���������

��6������ ��� ���� ��>�>4�;��� ��+������ ��� 	�� ���� 
���	�� �	����� /	�� ����������� +��� �	��� �+� ����

�����������"����������������^ER���	
����+�����++������	��������+������������6�����,�)��������

�+� ��	��	����/���� �����
���� �����;� ��� ��������	������ �+� FJ,N�� RN,E�� JN,G�� R,N� 	���J,G� s;� +���
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���	���	������
����	���GG,E��RO,J��JH,M��EN,H�	���R,O�s;�+�������
	��
���2�����������������

J� ��� HR� ��� �+� �	����� ��6������ ��� ��
���3�� 	��� ��	������ �"� ��>�>4�;�,� %��� ��������������

�	���� �+� ����	
� 	��
������� /	�� EJK� ��� NKKK��5�� EKK� ��� OHKK��5� 	��� EOK� ��� GKKK��5� +���

����
	��
���� 	
	��
��� 	��� 	������
��� ����������
",� %��� ������� ����	
� �	���� �	�� 	�� 	�����	�
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�	��	���� ��� ��������� �	
���� ����	���� ��� ���� 	���	���� ��������� �����������,� �������� 	� 
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7#".##'�7���C#"$�

5���!����� �*���� �#�����
!������ �����

�#�����
���� �����

�#�����
������ �����

�#�����
��*������

3�� N,N�\�K,E�
2N,N�>�G,E3�

N,N�\�K,J�
2N,M�>�N,F3�

N,N�\�K,J�
2N,O�>�G,E3�

N,G�\�K,J�
2N,M�>�G,R3�

N,G�\�K,R�
2N,R�>�G,E3�

�
�.� NNH�\�GO�

2HJN�>�FKJ3�
NKG�\�JH�
2HNN�>�NOM3�

HNG�\�RR�
2HRK�>�NEO3�

HNO�\�RJ�
2HRK�>�NKN3�

NER�\�RE�
2HNF�>�NMF3�

�
��.� R,G�\�E,R�

2J,H�>�O,J3�
JE,G�\�G,E�
2F,H�>�RK,H3�

OG,H�\�HR,R�
2M,M�>�ENJ,J3�

MR,O�\�NF,H�
2O,R�>�JRF,J3�

JN,N�\�JE,M�
2N,J�>�HM,E3�

�
���������
S[&T�

MGM�\�RG�
2RGF�>�ORM3�

JOH�\�HR�
2ENK�>�RMO3�

ERJ�\�FE�
2RN�>�RKE3�

EKN�\�HR�
2JH�>�EGH3�

RHM�\�EKH�
2JMN�>�MGG3�

�
:����#"����*�
S[&T�

J�\�J�
2K�>�G3�

E�\�E�
2K�>�R3�

J�\�E�
2K�>�M3�

R�\�O�
2K�>�ER3�

E�\�E�
2K�>�R3�

�
&�*��*�"��
S[&T�

e�E� e�E� e�E� e�E� e�E�
�

�#�3 �����
S[&T�

ORF�\�RH�
2MRR�>�OFE3�

OOO�\�HJ�
2MJF�>�HEK3�

OJJ�\�RM�
2MNH�>�OGE3�

MGG�\�RN�
2MME�>�OOR3�

ONK�\�OM�
2MGE�>�HOH3�

�
5 �"3 ����
S[&T�

e�E� ����E� ���E� e�E� ��E�

. ��������
S!&T�

R,K�\�E,E�
2J,K�>�O,J3�

R,K�\�J,K�
2E,N�>�N,O3�

J,F�\�E,J�
2J,E�>�O,N3�

R,K�\�E,O�
2E,G�>�H,R3�

R,K�\�J,K�
2E,F�>�N,H3�

�
5 �"3 ��#"�
S[&T�

K�\�K�
2K�>�E3�

E�\�K�
2K�>�E3�

E�\�K�
2K�>�E3�

J�\�M�
2K�>�G3�

K�\�K�
2K�>�E3�

�
�#�3 #���
S[&T�

OMF�\�EF�
2OKH�>�ONH3�

ONJ�\�ME�
2MFG�>�HKO3�

ORF�\�MK�
2MFK�>�HKO3�

MNH�\�MH�
2MEG�>�OJG3�

OHG�\�JJ�
2ORM�>�OFN3�

�
����#!��
S[&T�

FKF�\�HO�
2NHE�>�E,KMK3�

FEO�\�EOJ�
2HRK�>�E,KNK3�

FMK�\�ERJ�
2HHO�>�E,KHK3�

FON�\�EKO�
2NMR�>�E,KMK3�

FME�\�EHO�
2OGR�>�E,KGK3�

�
&��*�"�#!�
S[&T�

FOF�\�RM�
2FKF�>�E,KMK3�

E�KEK�\�EHK�
2HFE�>�E,EJK3�

FHH�\�EKM�
2NMM�>�E,KHK3�

FMH�\�EKK�
2NHO�>�E,KNK3�

FGF�\�EJM�
2NJG�>�E,KFK3�

�
5���""�#!�S[&T� JM�\�R�

2EG�>�RR3�
MK�\�RN�
2EM�>�EER3�

RK�\�EM�
2JK�>�OF3�

NN�\�ON�
2RJ�>�EFG3�

JM�\�F�
2EO�>�RN3�

�
.����#!��
S!&T�

R,J�\�K,M�
2J,J�>�R,H3�

J,J�\�K,R�
2E,G�>�J,O3�

J,R�\�K,R�
2E,F�>�J,N3�

J,M�\�K,M�
2J,K�>�J,F3�

J,R�\�K,R�
2E,G�>�J,N3�
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Time period [days] Mass removal [%] 

Metolachlor Alachlor Acetochlor 

28 - 42 24 39 48

56 - 70 27 59 55

84 - 98 20 45 65

28 - 98 (n = 5) 23 ± 5 51 ± 9 56 ± 6
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  day 42 day 70 day 98 
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two weeks inlet -30.5 ± 0.10 -30.6 ± 0.27 -31.2 ± 0.18 

fresh inlet -30.3 ± 0.05 -31.1 ± 0.14 -31.3 ± 0.07 

average inlet -30.4 (0.06) -30.9 (0.15) -31.3 (0.09) 

Outlet -29.7 ± 0.26 -30.8 ± 0.08 -30.8 ± 0.10 

A
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two weeks inlet -33.3 ± 0.10 -33.9 ± 0.36 -33.8 ± 0.06 

fresh inlet -33.6 ± 0.23 -34.1 ± 0.17 -33.8 ± 0.14 

average inlet -33.5 (0.13) -34.0 (0.20) -33.8 (0.08) 

Outlet -30.6 ± 0.03 -31.8 ± 0.33 -31.5 ± 0.26 

A
ce
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ch
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r 

two weeks inlet -29.3 ± 0.08 -29.8 ± 0.11 -29.3 ± 0.18 

fresh inlet -29.4 ± 0.22 -29.9 ± 0.18 -29.4 ± 0.26 

average inlet -29.4 (0.12) -29.8 (0.11) -29.4 (0.16) 

Outlet -26.8 ± 0.12 -27.2 ± 0.23 -26.8 ± 0.12 
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Removal of dissolved pesticide mixtures by a stormwater wetland

receiving runoff from a vineyard catchment: an inter-annual comparison

Elodie Maillard, Sylvain Payraudeau, Floro Ortiz and
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CNRS, 1, rue Blessig, F-67 084 Strasbourg, France
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Wetlands can collect contaminated runoff from agricultural catchments and have
intrinsic physical, chemical and biological retention and removal processes useful
for mitigating pesticides. However, knowledge about the ability of stormwater
wetlands to mitigate pesticide mixtures in runoff is currently very limited.
We show here that stormwater wetlands that primarily serve for flood protection
can also be effective tools for reducing concentrations and removing loads of
runoff-related pesticides and some of their degradation products into downstream
aquatic ecosystems. Dissolved concentrations and loads of seven fungicides, six
herbicides and four degradation products in runoff from a vineyard catchment
were continuously recorded at the inlet and the outlet of the stormwater wetland
during two successive periods of pesticide application (April to June). Reduction
of pesticide concentrations by the wetland ranged from 50% (simazine) to 100%
(azoxystrobin, cymoxanil, cyprodinil, gluphosinate, terbuthylazine and tetra-
conazole). Removal rates of dissolved load ranged from 26% for aminomethyl-
phosphonic acid (AMPA) to 100% (azoxystrobin, cymoxanil, cyprodinil, diuron,
1-(3,4-dichlorophenyl)-3-methylurea (DCPMU), gluphosinate, kresoxym methyl,
terbuthylazine and tetraconazole). More than 77% of the input mass of total
suspended solids was retained, underscoring the capability of the wetland to trap
pesticide-laden particles via sedimentation. Inter-annual change in the removal of
AMPA, isoxaben, kresoxim methyl and simazine was mainly linked to the larger
vegetal cover in 2010. Our results demonstrate that stormwater wetlands can
remove pesticide mixtures in agricultural runoff, although removal of individual
pesticides can vary over time, depending on the characteristics of runoff events
and the vegetation cover.

Keywords: load; glyphosate remediation; wetland; sorption; Phragmites;
pollution; best management practice

1. Introduction

Pesticide contamination raises critical issues regarding the sustainability of water bodies,

inducing significant threat to drinking water resources and aquatic ecosystems [1,2].

Indeed, surface runoff is a major process of contaminants transfer [3–5], as a significant

portion (0.1 to 5%) of pesticides applied to agricultural fields can move from agricultural

areas into aquatic ecosystems during rainfall-runoff events [6,7]. In the catchment area,
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buffer zones such as wetlands can intercept and partly retain runoff-related contaminants,

thus limiting the contamination of water bodies [8,9].

Wetlands capitalize intrinsic physical, chemical and biological retention as well as

degradative processes useful for treating various organic chemicals [10], including

pesticides [9]. Several studies have proven the capacity of natural and constructed

wetlands to mitigate runoff-related pesticides [11–15]. Among constructed wetlands,

stormwater wetlands are engineered worldwide with the primary objective to temporarily

store urban or agricultural runoff [9]. Stormwater wetlands also represent a potential tool

for better management practices of contaminated stormwater, including the removal of

pesticide mixtures in agricultural runoff [16]. Indeed, their removal in wetlands largely

depends on factors such as physicochemical properties of active molecules, hydrological

conditions (e.g. frequency and intensity of rainfall-runoff events), composition and loads

of the pesticide mixtures as well as vegetation characteristics [8,17]. The removal of runoff-

related pesticides by stormwater wetlands is suspected to be controlled mainly by

hydrological factors, intrinsic wetland characteristics such as vegetation cover as well as

biotic and abiotic removal processes [16]. However, quantitative knowledge about the

capacity of stormwater wetlands to reduce concentrations and remove loads of runoff-

related pesticides is currently very limited. Comprehensive field studies that evaluate the

mass loading removal of pesticide mixtures by wetland systems are rare. Moreover, very

little information on the environmental fate and retention in wetland systems of EU-

priority herbicides (e.g. diuron and simazine), widely used herbicides and their degradation

products (e.g. glyphosate and AMPA), as well as common fungicides (e.g. dimethomorph

and metalaxyl), is currently available.

Herbicides and fungicides are applied on the Alsatian vineyards (France), mainly

from April to June (spring). Both timing of pesticide application and rainfall-runoff

characteristics have been showed to determine the concentration and mass loading

of runoff-related pesticides at the outlet of a representative vineyard catchment [18].

Stormwater wetlands of the Alsatian region primarily serve for flood protection and may

also collect pesticide-contaminated runoff from agricultural catchments. Therefore, we

hypothesize that stormwater wetlands can play a pivotal role in mitigating runoff-related

pesticides. In a previous study, we assessed over an entire period of pesticide application

(April to September) the ability of a stormwater wetland receiving runoff from a vineyard

catchment to remove a mixture of pesticides [19]. However, to the best of our knowledge,

the inter-annual variability in the removal of pesticide mixtures by a stormwater wetland

has not been reported yet. The present study aims at assessing and comparing the ability of

a stormwater wetland to remove pesticide mixtures in runoff from a vineyard catchment

during two periods of pesticide application (April to June).

2. Material and methods

2.1 Description of the vineyard catchment

The present study was performed from April 01 to June 30, 2009 and similarly in 2010 at a

stormwater wetland located at the outlet of a 42.7 ha vineyard catchment in Rouffach

(Alsace, France; 47�5709 N, 07�1703 E). The characteristics of the catchment area and

agricultural practices have been previously described [18]. Briefly, application of pesticides

proceeds mainly from the middle of April (bud breaking of grapevine) until the end of

June (fruit setting). Seven fungicides, six herbicides and four degradation products were

2 E. Maillard et al.
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selected for the present study because of their widespread use as well as high frequency of

application and detection revealed in previous studies [18]. The selected compounds belong

to 11 different chemical groups and are listed in Table 1. Rainfall-runoff events do not

generate permanent stream in the catchment and statistically occur every week through the

year. The average annual precipitation is 609� 121mm (period from 1998 to 2009).

Runoff is collected at the outlet of the vineyard catchment by a stormwater wetland and

represents the main entry route of pesticides into the wetland [18].

2.2 Characteristics of the stormwater wetland

The stormwater wetland has a surface area of 319m2 and a total volume of 1500m3

(Figure 1). The hydraulic characteristics and functioning of the stormwater wetland were

previously described [20,21]. The wetland is composed of a sediment deposition forebay

(215m2) that collects suspended solids in runoff and a gravel filter (13m long, 8m wide

and 0.6 m deep). Water depth in the forebay varied from 0.05 to 0.4m from April to June,

depending on the runoff volume entering. In addition, the water storage capacity of the

sediment deposition zone was 50m3. The hydraulic retention time (HRT) of the wetland

was found to be between 10 and 12 hours during the investigation periods. The chemical

composition of wetland sediments was (%): organic carbon 14.8, SiO2 50, Al2O3 9.5, MgO

2.2, CaO 11.6, Fe2O3 4.1, MnO 0.1, Na2O 0.7, and K2O 2.5 (n¼ 5). The sediment texture

was (%): clay 44, fine silt 33, coarse silt 10, fine sand 5, and coarse sand 8 (n¼ 5). The pH

value was 8.1 through the experiment. Owing to the clay liner on the wetland bed

(Ks5 10ÿ10msÿ1) and based on the water balance, water losses by vertical infiltration were

negligible. Sediments and vegetation in the forebay area were removed in February 2009.

Sediment removal occurs every four years and is part of the local maintenance scheme of the

stormwater detention systems. In 2009, the vegetation cover in the sediment deposition

zone, mainly formed of Phragmites australis, Juncus effusus and Typha latifolia, was 51%

of the area in April, 5% in May, and 25% in June. In 2010, the same plant species were

present and the vegetation covered 100%of the forebay area fromApril to June.Phragmites

australis represented 90% of the total vegetation cover through the investigation period. No

algal proliferation was observed during the April to June investigation periods. A detailed

survey of the vegetation in the stormwater wetland was performed in June 2009. The results

are provided in Table S1 of the supplementary information.

2.3 Water flow measurement and sampling procedure

Runoff discharges entering and outflowing the wetland were continuously monitored by

measuring water depth using bubbler flow modules (Hydrologic, Sainte-Foy, Québec,

Canada) combined with a Venturi channel at the inlet and a V-notch weir at the outlet.

Water samples were collected every 6m3 at the inlet using a 4010 Hydrologic automatic

sampler (Sainte-Foy, Québec, Canada) and at the outlet of the wetland using a 6712FR

ISCO Teledyne automatic sampler (Lincoln, Nebraska, US). Because the transfer of

pesticides in stormwater wetland is suspected to occur mostly in the dissolved phase and

owing to difficulties in collecting, analysing and estimating the fraction of particle-laden

pesticides [22–25], the present study focuses mainly on dissolved pesticides. The detailed

procedure of sample collection and storage ensuring reliable pesticide measurements was

previously tested and described [18,26]. Briefly, water samples (300mL) were collected

International Journal of Environmental Analytical Chemistry 3
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Table 1. Type, physicochemical properties and toxicity of the pesticides and degradation products. Degradation products are shown in italics.

Limit of
quantification Log Kow

1
Henry

constant1

DT50
2

(aerobic–
anaerobic

soil)

Aqueous
photolysis

DT50

(pH¼ 7)1

Aqueous
hydrolysis
DT50 (20

�C,
pH¼ 7)1 EC501,3

Compound Chemical group Type Formula [mgL–1] [–]
Pam3molÿ1

(25�C) [day] [day] [day] [ppm]

Azoxystrobin Strobilurin Fungicide C22H17N305 0.05 2.5 7.40� 10ÿ09 112–119 8.7 stable 0.23
Cymoxanil Cyanoacetamide

oxime
Fungicide C7H10N4O3 0.05 0.67 3.80� 10ÿ05 n.a. 1.7 1.1 27

Cyprodinil Anilinopyrimidine Fungicide C14H15N3 0.02 4 6.60� 10ÿ03 126–183 13.5 stable 0.03
Dimethomorph Morpholine Fungicide C21H22ClNO4 0.05 2.68 2.04� 10ÿ05 n.a.–26 97 70 410.6
Diuron Phenilurea Herbicide C9H10Cl2N2O 0.02 2.87 2.00� 10ÿ06 372–925 43 stable 5.7
DCPU Unclassified Degradation

product
(Diuron)

C7H6Cl2N2O 0.05 n.a. n.a. n.a. n.a. n.a. n.a.

DCPMU Unclassified Degradation
product
(Diuron)

C8H8Cl2N2O 0.05 n.a. n.a. n.a. n.a. n.a. n.a.

3,4–dichloroaniline Unclassified Degradation
product
(Diuron)

C6H5Cl2N 0.10 2.69 1.48 n.a. 0.25 n.a. 0.44

Gluphosinate Organophosphate Herbicide C5H18N3O4P 0.10 ÿ3.96 n.a. n.a. n.a. n.a. n.a.
Glyphosate Phosphonoglycine Herbicide C3H8NO5P 0.10 ÿ3.2 2.10� 10ÿ07 22–96 69 stable 40
AMPA Unclassified Degradation

product
(Glyphosate)

C7H10N2O4 0.10 ÿ1.63 0.16 n.a. n.a. n.a. n.a.

Isoxaben Benzamide Herbicide C18H24N2O4 0.05 3.94 1.96� 10ÿ04 205–n.a. 6 stable 41.3
Kresoxym methyl Strobilurin Fungicide C18H19NO4 0.10 3.40 3.60� 10ÿ07 2–1 28 34 0.186
Metalaxyl Phenylamide Fungicide C15H21NO4 0.05 1.65 1.60� 10ÿ05 n.a. stable 106 28
Simazine Triazine Herbicide C7H12ClN5 0.02 2.3 5.60� 10ÿ05 71–110 1.9 96 1.1
Terbutylazine Triazine Herbicide C9H16ClN5 0.02 3.4 4.18� 10ÿ03 n.a. stable stable 21.2
Tetraconazole Triazole Fungicide C13H11Cl2F4N3O 0.05 3.56 3.60� 10ÿ04 n.a. 217 stable 3.0

Notes: 1Obtained from the PPDB (2007, 2008, 2009). The Pesticide Properties DataBase (PPDB) developed by the Agriculture & Environment
Research Unit (AERU) at the University of Hertfordshire, from the database that originally accompanied the EMA (Environmental Management for
Agriculture) software (also developed by AERU), with additional input from the EU–funded FOOTPRINT project (FP6–SSP–022704). http://
www.herts.ac.uk/aeru/footprint.
2Obtained from the PAN (PAN, 2006) pesticide database.
3Daphnia magna test, 48 h obtained from PPDB database.
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in glass jars, stored in the dark at 4�C after each runoff event, and placed on ice during

transportation to the laboratory for chemical analysis. A series of discrete flow

proportional water samples taken over a runoff event were combined in a single

composite sample prior to analysis.

2.4 Hydrochemical and pesticide analyses

Conductivity, pH, and redox potential were directly measured in the field using WTW

multi 350i portable sensors (WTW, Weilheim, Germany). Concentrations of dissolved

organic carbon (DOC), total suspended solids (TSS), total Kjeldahl nitrogen (TKN),

NHþ
4 , NOÿ

3 , NOÿ
2 , total phosphorus and PO3ÿ

4 were determined by FR EN ISO standards

and laboratory procedures. Water samples collected for pesticide measurements were

dispensed into 100mL vials and kept at –20�C for a maximum of 30 days until pesticide

analysis. Pesticide analysis was performed according to the NF XPT 90–210 French

standards at the Pasteur Institute of Lille (France), which is a service of pesticide residues

analysis accredited by the French National Accreditation Authority (COFRAC). The

COFRAC calibration certificate is recognized by other European calibration services

(EA – European Cooperation for Accreditation). Water samples were filtered through

1 mm glass fibre filters, solid-phase extracted before analyzing the subsequent extracts. The

13 herbicides and fungicides (azoxystrobin, cymoxanil, cyprodinil, dimethomorph, diuron,

gluphosinate, glyphosate, isoxaben, kresoxim methyl, metalaxyl, simazine, terbuthylazine,

tetraconazole) and the four degradation products (3,4-dichlorophenyl urea (DCPU),

DCPMU, 3,4-dichloroaniline and AMPA) were quantified using liquid chromatography

coupled to tandem mass spectrometry (LC-MS-MS). Quantification of glyphosate, AMPA

and gluphosinate was performed after derivatization with fluorenemethoxycarbonyle

(FMOC). Limits of pesticide quantification ranged from 0.02 to 0.10mgLÿ1 and are

provided in Table 1. Extraction efficiencies of pesticides were estimated for each water

sample set by spiking with surrogates. Surrogate recovery ranged from 70 to 89%. Further

quality control was achieved by using a blank for each set of samples. Detection and

quantification limits, relative standard deviation (RSD) and recovery efficiencies for

each pesticide are provided for water samples in the Table S2 of the Supplementary

Information.

Figure 1. Cross-section of the stormwater wetland (Rouffach, Alsace, France) and position of the
sediment deposition forebay (SDF), the gabion barrier (G) and the gravel filter (GF). The dotted line
indicates the direction of water flow.

International Journal of Environmental Analytical Chemistry 5
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2.5 Data analysis

Dissolved pesticide concentrations and values of hydrochemical parameters at the inlet

and outlet of the wetland were compared using the paired nonparametric Wilcoxon Signed

Rank test. Reduction of pesticide concentration (RC (%)) was calculated as the relative

decrease of mean concentration at the outlet with respect to that at the inlet. A nondetect

(n.d.) was treated as zero, assuming that no pesticides were present when the analysis

revealed that the concentrations were below the detection limits. The RC (%) in a given

period was the average of all runoff event RC (%) values. Pesticide event mass loadings

at the inlet and the outlet of the wetland were obtained multiplying mean pesticide

concentrations by the corresponding water volume of the runoff event. Removal rate of

pesticide mass loading RL (%) was calculated as the relative decrease of mass loading

at the outlet with respect to that at the inlet for each runoff event using Equation (1).

RL ð%Þ ¼ 1ÿ
Mout

Min

� �

� 100 ¼ 1ÿ
CoutVout

CinVin

� �

� 100 ð1Þ

where Min and Mout are the influent and effluent pesticide mass loadings in the dissolved

phase (mg), Vin and Vout are the influent and effluent volumes (m3), and Cin and Cout the

inlet and outlet mean concentrations (mgLÿ1), respectively. Mass loadings at the inlet and

the outlet of the wetland were calculated from the sum of all event loads during a given

investigation period.

3. Results

3.1 Climatic and hydrological characteristics

Climatic and hydraulic data from April 1 to June 30 2009 and 2010 are provided in

Table 2, in Figure 2 and monthly data are provided in Table S3 in the Supplementary

Information SI. From April 01 through June 30, 23 runoff events occurred in 2009,

and 30 were accounted for in 2010. Rainfall amount, duration, mean and maximal

intensities as well as the duration of the period between two rainfall events did not

significantly differ between 2009 and 2010 sampling periods (Table 2). However, mean

solar radiation significantly differed between 2009 (1903� 617 J cmÿ2 dÿ1) and 2010

(1699� 731 J cmÿ2 dÿ1) sampling periods (p5 0.05). The total volume of runoff that

entered the wetland during the investigation period was 398m3 in 2009 and 568m3 in 2010.

The volume of individual runoff event ranged from 0.16m3 to 88.3m3 in 2009 and

from 0.07m3 to 140m3 in 2010. In 2009 and 2010, respectively 91.3% and 89.6% of runoff

volumes were lower than 50m3. The absence of significant difference in runoff coefficients

between 2009 and 2010 (p4 0.53) underscores that land use and soil management

practices on the vineyard catchment area were similar in 2009 and 2010 (data not shown).

The mean quiescent period between two runoff events ranged from 4 hours to 27 days in

2009 and from 6 hours to 11 days in 2010, and did not significantly vary between the two

years (p4 0.75). Month-to month comparison of climatic characteristics (i.e. temperature,

solar radiation, rainfall and evapotranspiration) revealed no significant differences

between April 2009 and 2010, as well as between June 2009 and 2010. However,

temperature, solar radiation and evapotranspiration were significantly lower in May 2009

compared to those of May 2010 (p5 0.001) (Table S3). The budget of water volumes

inflowing and outflowing the wetland was balanced when direct rainfall and evapotrans-

piration volumes were included (Table S3). Altogether, the analysis of climatic and

6 E. Maillard et al.
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Table 2. Climatic and hydrological conditions and wetland hydrochemical characteristics. Values are provided as the mean and ranges at the inlet and
the outlet of the stormwater wetland (Rouffach, Haut–Rhin, France) from 1April to 30 June 2009 and 2010.

Parameter Unit 2009 2010 p1

Solar radiation [J cmÿ2 dayÿ1] 1903 (431–2909) 1699 (267–3000) ***

Temperature [�C dayÿ1] 16.1 (8.6–26.7) 14 (5.1–24.5) ***
Rainfall [mm] 130.8 139.2 n.s.

Quiescent period3 [day] 3.5 (0.2–27) 2.4 (0.3–11) n.s.

C
li
m
a
ti
c
d
a
ta

Inflowing runoff volume [m3] 398 568 n.s.

Inlet Outlet p2 Inlet Outlet p2

pH – 7.7 (7.0–7.9) 8.0 (7.7–8.2) *** 7.7 (7.4–8.5) 7.7 (7.3–8.0) n.s.
Electric conductivity [mS cmÿ1] 245 (175–405) 1006 (835–1605) *** 222 (125–442) 831 (389–1070) ***

Redox potential [mV] 151 (3.7–275) 178 (5.3–283) n.s. ÿ45 (–210–118) ÿ76 (–217–94) n.s.
Total suspended solids [mgLÿ1] 1386 (237–4695) 126 (1.0–2008) *** 922 (61.7–5639) 31.0 (3.5–204) ***

[kg] 405 90.5 554 19.2
Dissolved organic carbon [mgLÿ1] 22.7 (8.7–31.7) 14.8 (7.7–21.9) * 14.0 (4.6–5639) 5.5 (2.1–9.5) ***

[kg] 6.5 9.9 6.0 3.0
Ammonium [mgLÿ1] 0.20 (n.d.–0.52) 0.05 (n.d.–0.26) ** 0.12 (n.d.–0.48) 0.05 (n.d.–0.35) *

Nitrate [mgLÿ1] 4.19 (n.d.–9.82) 8.09 (n.d.–19.60) n.s. 0.09 (n.d.–0.78) 0.06 (n.d.–0.64) n.s.

W
a
te
r
ch
em

is
tr
y

Nitrite [mgLÿ1] 0.29 (n.d.–2.17) 0.10 (n.d.–0.53) n.s. n.d. n.d. –

Total phosphorus [mgLÿ1] 2.59 (0.24–7.00) 0.57 (n.d.–2.00) * 1.33 (0.42–3.27) 0.31 (n.d.–1.83) ***
Orthophosphorus [mgLÿ1] 0.18 (0.10–0.42) 0.10 (n.d.–0.34) n.s. 0.20 (n.d.–0.43) 0.04 (n.d.–0.39) **

Notes: 1Comparison between periods of pesticide application using the Wilcoxon Signed Rank test: * p� 0.05; ** p� 0.01; *** p� 0.001; n.s.¼ not
significant.
2Comparison between inlet and outlet concentrations using the Wilcoxon Signed Rank test: * p� 0.05; ** p� 0.01; *** p� 0.001; n.s.¼ not significant.
3Time between two runoff events entering the wetland.
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hydraulic data revealed that rainfall and runoff patterns globally were similar between the

April to June 2009 and 2010 periods.

3.2 Hydrochemistry

Detailed hydrochemical data are provided in Table 2. Comparison of hydrochemical

conditions between the inlet and the outlet of the wetland revealed no significant changes

in either redox potential values, concentrations of nitrogen compounds (except ammo-

nium) or orthophosphorus in 2009. Similarly, in 2010, comparison of pH, redox potential

and nitrate concentrations found at the inlet and outlet saw no significant difference

(p4 0.05). In contrast, concentrations of suspended solids, dissolved organic carbon, total

phosphorus and values of electric conductivity significantly differed between the inlet and

the outlet of the wetland in 2009 and 2010 (p5 0.05). Comparison of hydrochemical

conditions at the wetland inlet between 2009 and 2010 sampling periods revealed no

significant changes of pH, electric conductivity, total suspended solids, total phosphorus

and orthophosphorus. However, dissolved organic carbon (DOC), ammonium, nitrite,

nitrate concentrations and redox values significantly changed between 2009 and 2010

sampling periods (p5 0.05).

The calculation of sedimentation rates from discharge measurements and total

suspended solids (TSS) values revealed that the wetland retained 78% (3.5 kgdÿ1) of the

input mass in 2009 and 97% (5.9 kgdÿ1) in 2010. This clearly indicates that the wetland

acts as a sink for particle-laden pesticides. Since the pore size of the filter paper used to

separate TSS from dissolved organic carbon (DOC) was 1.2mm, only finer particles were

Figure 2. Temporal changes of climatic and hydrological conditions in the vineyard catchment
(Rouffach, Haut-Rhin, France) from April 1 to June 30 2009 and 2010.
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included in the DOC. Therefore, suspended solids were defined as particles larger than

1.2 mm, collected after filtration. The calculation of DOC loads at the inlet and the outlet

from April to June 2009 revealed that the output mass (9.9 kg) exceeded the input mass

by 34%. In contrast, from April to June 2010, 50% of the input mass of DOC (6.0 kg)

was removed by the wetland (Table 2).

3.3 Removal of dissolved pesticides by the wetland

3.3.1 Occurrence and reduction of pesticide concentrations

Detailed data of dissolved pesticide concentrations as well as reduction of pesticides based

on the inlet and outlet concentrations are provided in Table 3. In 2009, mean inlet

concentrations of glyphosate, AMPA, dimetomorph and metalaxyl were respectively, 4.15,

1.21, 1.21 and 1.15mgLÿ1 whereas mean concentrations of the other target compounds

were systematically below 1.00 mgLÿ1. Mean pesticide concentrations at the outlet were

3 (AMPA) to 34 (glyphosate) times lower compared with those at the inlet and never

exceeded 0.50 mgLÿ1. Concentrations of azoxystrobin, cymoxanil, metalaxyl, tetracona-

zole, glyphosate, AMPA, isoxaben, simazine, and terbutylazine significantly differed from

inlet to outlet (p5 0.05) (Table 3). Reduction in mean concentrations ranged from

66% (AMPA) to 100% (azoxystrobin, cymoxanil, cyprodinil, DCPMU, gluphosinate,

kresoxym methyl, terbutylazine and tetraconazole).

In 2010, mean concentrations at the inlet were below 1.00 mgLÿ1, except for those

of glyphosate (30.38 mgLÿ1) and AMPA (5.67 mgLÿ1). In addition, mean concentrations

at the wetland outlet never exceeded 0.50mgLÿ1. Finally, degradation products of diuron

(DCPU, DCPMU and 3,4-dichloroaniline) were systematically below the detection limit,

suggesting that diuron was not subject to aerobic degradation or that degradation

products were readily degraded in the wetland [27]. Concentrations from inlet to outlet

significantly differed for dimetomorph, glyphosate, AMPA, and isoxaben (p5 0.001)

(Table 3). Reductions in mean concentrations from inlet to outlet were higher than 80%

for all the molecules except for simazine (i.e. reduction in mean concentration of 50%),

and even reached 100% for diuron and terbutylazine.

3.3.2 Removal of pesticide loads by the wetland

Detailed data of dissolved pesticide mass loadings and load removal for individual

pesticides are provided in Table 4. In 2009, the total mass loading of all the 15 detected

pesticides and degradation products entering the wetland from April to June was 3.304 g

whereas only 0.636 g were observed to pass through the wetland (Table 4). Mass loading of

glyphosate, dimethomorph, AMPA, and metalaxyl accounted respectively for 44.1, 27.7,

10.7 and 9.4% of the total load entering the wetland. In 2010, the total mass loading of all

the eight detected pesticides and degradation products entering the wetland from April

to June was 13.183 g when only 1.088 g was found to pass through the wetland. Glyphosate

and AMPA accounted, respectively, for 75.7 and 18.8% of the total load entering the

wetland.

The overall load removal rate calculated from the total mass loading of pesticides

at the outlet relatively to that at the inlet of the wetland was 81% in 2009 and 92% in 2010

(Table 4). Despite the larger pesticide load entering the wetland in 2010 compared to that

in 2009, the removal ability of the wetland was not affected. However, removal rates of
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Table 3. Mean concentrations and ranges of dissolved pesticides at the inlet and the outlet of the stormwater wetland (Rouffach, Haut–Rhin, France)
from 1April to 30 June 2009 and 2010. Reduction in mean concentrations from inlet to outlet are given in percent (RC %).

2009 2010

Inlet (n¼ 13) Outlet (n¼ 19) RC Inlet (n¼ 19) Outlet (n¼ 22) RC

Compound [mgL–1] [mgL–1] p1 [%] [mgL–1] [mgL–1] p1 [%]

Azoxystrobin 0.02 (n.d.–0.12) n.d. * 100 n.d. n.d. – –
Cymoxanil 0.10 (n.d.–0.90) n.d. * 100 n.d. n.d. – –
Cyprodinil 0.02 (n.d.–0.14) n.d. n.s. 100 n.d. n.d. – –
Dimethomorph 1.21 (n.d.–10.00) 0.09 (n.d.–1.70) n.s. 98 0.26 (n.d.–1.80) 0.03 (n.d.–0.24) *** 88
Diuron 0.14 (n.d.–0.32) 0.02 (n.d.–0.04) n.s. 86 50.01 (n.d.–0.02) n.d. n.s. 100
DCPU n.d. n.d. – – n.d. n.d. – –
DCPMU 50.01 (n.d.–0.05) n.d. n.s. 100 n.d. n.d. – –
3,4-dichloroaniline n.d. n.d. – – n.d. n.d. – –
Gluphosinate 0.65 (n.d.–6.30) n.d. n.s. 100 n.d. n.d. – –
Glyphosate 4.15 (0.30–11.00) 0.12 (n.d.–0.70) *** 97 30.38 (n.d.–110) 0.29 (n.d.–1.70) *** 99
AMPA 1.21 (0.20–2.30) 0.41 (n.d.–0.70) *** 66 5.67 (n.d.–19.00) 0.34 (n.d.–0.90) *** 94
Isoxaben 0.10 (n.d.–0.23) 0.01 (n.d.–0.15) *** 90 0.17 (n.d.–2.10) 50.01 (n.d.–0.07) *** 97
Kresoxim methyl 0.03 (n.d.–0.40) n.d. n.s. 100 0.07 (n.d.–1.20) 50.01 (n.d.–0.17) n.s. 89
Metalaxyl 1.15 (n.d.–5.80) 0.24 (n.d.–1.20) * 79 0.81 (n.d.–7.70) 0.14 (n.d.–2.00) n.s. 83
Simazine 0.07 (n.d.–0.18) 0.02 (n.d.–0.03) *** 71 50.01 (n.d.–0.03) 50.01 (n.d.–0.02) n.s. 50
Terbuthylazine 0.05 (n.d.–0.07) n.d. *** 100 50.01 (n.d.–0.02) n.d. n.s. 100
Tetraconazole 0.02 (n.d.–0.09) n.d. * 100 n.d. n.d. – –

Note: 1Comparison of inlet and outlet concentrations using the Wilcoxon Signed Rank test: *p� 0.05; **p� 0.01; ***p� 0.001; n.s.¼ not significant.
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pesticide loads largely differed according to the individual compounds. In 2009,

azoxystrobin, cymoxanil, cyprodinil, dimethomorph, DCPMU, gluphosinate, glyphosate,

kresoxim methyl, terbutylazine and tetraconazole were efficiently removed (removal rates

ranging from 80 to 100%), diuron, isoxaben and metalaxyl were moderately removed

(removal rates ranging from 50 to 80%), and AMPA and simazine were poorly removed

(removal rates lower than 50%) (Table 4). In 2010, dimethomorph, glyphosate, AMPA

and isoxaben were efficiently removed (removal rates ranging from 80 to 100%) and

kresoxim methyl and metalaxyl were moderately removed (removal rates ranging from

50 to 80%).

4. Discussion

4.1 Influence of the hydrological conditions on pesticide removal

In stormwater wetlands that primarily serve for flood protection rather than for the

treatment of runoff-related contaminants, the period between two runoff events (quiescent

period) and the runoff volume entering the wetland are two hydrological factors that can

affect the efficiency of pesticide removal [28,21]. Longer quiescent periods and small runoff

volumes entering the wetland can enhance degradative processes by increasing the contact

time between runoff water and wetland compartments [21]. In contrast, shorter quiescent

periods and larger runoff volumes are expected to limit the occurrence of degradative

processes. For instance, half-life of cymoxanil, cyprodinil, 3,4-dichloroaniline, isoxaben

Table 4. Loads of dissolved pesticides [mg] and load removal rates, RL (%) by the stormwater
wetland (Rouffach, Alsace, France) from 1April to 30 June 2009 and 2010. Degradation products
are shown in italics.

2009 2010

Compound Inlet [mg] Outlet [mg] RL [%] Inlet [mg] Outlet [mg] RL [%]

Azoxystrobin 15.1 0 100 0 0 –
Cymoxanil 12.3 0 100 0 0 –
Cyprodinil 10.4 0 100 0 0 –
Dimethomorph 916 144 84 268 31.2 88
Diuron 38.4 9.1 76 50.1 0 n.a1

DCPU 0 0 – 0 0 –
DCPMU 1.3 0 100 0 0 –
3,4-dichloroaniline 0 0 – 0 0 –
Gluphosinate 108 0 100 0 0 –
Glyphosate 1458 128 91 9983 439 96
AMPA 352 259 26 2480 467 81
Isoxaben 25.8 6.1 76 53.7 7.2 87
Kresoxim methyl 16.7 0 100 57.1 13.0 77
Metalaxyl 311 80.8 74 341 130 62
Simazine 15.6 9.2 41 50.1 0.8 n.a1

Terbuthylazine 14.6 0 100 0 0 –
Tetraconazole 8.4 0 100 0 0 –

Total 3304 636 81 13,183 1088 92

Note: 1n.a.¼ not assessed owing to low inlet load (50.1mg).
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and simazine upon aqueous photolysis or hydrolysis are lower than 15 days (Table 1)

which suggests that quiescent periods between two runoff events (i.e. from 0.2 to 27 days in

2009, and from 0.3 to 11 days in 2010) were sufficient to remove partly these compounds

in the wetland. However, this is valid for low runoff volumes (550m3) that result in

shallow water depths (50.2m) in the wetland and can thus be partly treated while stored

during the quiescent period. As in 2009 and 2010, respectively 91.3% and 89.6% of runoff

events were lower than 50m3, most of the contaminated runoff events could be stored and

treated partly by the wetland. In contrast, larger runoff events observed during the

investigation periods resulted in larger water depth in the wetland thus potentially limiting

the occurrence of removal processes. Furthermore, incomplete flushing of the wetland

during low or moderate runoff events (550m3) can also cause longer retention of stable

and less-sorptive substances. In contrast, shorter water pathway and contact time with

sediment and vegetation under high flow conditions is expected to decrease removal of

dissolved contaminant by sorption and degradation processes, as previously described

[21,28].

Lange et al. [21] characterized the hydraulic properties of the stormwater wetland using

sodium bromide as a non-reactive tracer. Their study simulated a 37.5m3 runoff event

and indicated a mean hydraulic detention time in the stormwater wetland of 58.2 h,

which suggests a high retention capacity for runoff water and associated contaminants.

In parallel, uranine (DT50-photolysis¼ 11 days) was used as a reference to mimic

photolysis, and sulforhodamine B (LogKow¼ÿ2.02) as one to mimic moderate sorption

of contaminants. This study underscored favourable conditions for photocatalytic decay

(removal of uranine by 57%) and high sorption capacities (removal of sulforhodamine B

by 82%) in the stormwater wetland. Hence, processes such as sedimentation, photolysis,

hydrolysis and degradation involved in the removal of both dissolved and particle-laden

pesticides in stormwater wetlands depend on flow conditions, water depth, and properties

of the contaminant molecules. However, as described below, the removal of pesticide

mixtures is also intimately linked to hydrochemical and vegetation characteristics that

prevail in the wetland.

4.2 Removal of hydrophilic pesticides by the wetland

Pesticides with LogKow5 3 (i.e. azoxystrobin, cymoxanil, dimethomorph, diuron,

gluphosinate, glyphosate, AMPA, metalaxyl, simazine) result in loads being predomi-

nantly associated with runoff and wetland water, lower partitioning to suspended solids

and DOC, and a potentially faster degradation in the dissolved phase owing to the higher

availability of molecules in abiotic and biotic transformation processes. Since the pH

values at the inlet and the outlet of the wetland ranged from 7.0 to 8.5, partial degradation

of cymoxanil (DT505 2 days at pH 7) by aqueous hydrolysis, and of 3.4-dichloroaniline

and simazine by aqueous photolysis (DT505 6 days at pH 7) was likely to occur (refer to

Table 1 for compound properties). In contrast, degradation of dimethomorph, diuron,

and glyphosate by photolysis or hydrolysis was likely not a dominant removal process in

our wetland since their DT50 is larger than 40 days. Under more reducing conditions

that prevailed in the wetland in 2010, the elimination of chlorinated pesticides

(i.e. simazine, terbuthylazine) via reductive dechlorination may be favoured and sustained

by the occurrence of biofilm, sediment, root complexes as well as potential sources of

electron donors provided by plant roots and organic matter [30,31]. However, larger

12 E. Maillard et al.
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vegetation cover may also have increased degradation rates by enhancing oxidative

transformation pathways at the rhizosphere level which benefited from oxygen transfer

through plants and release by roots [32,33].

Among the compounds studied, glyphosate and AMPA are strongly sorbed by soil

minerals, and have been previously observed to rapidly adsorb to wetland sediments,

before being gradually removed within 5 to 15 days [29]. Biodegradation of AMPA is

generally slower than that of glyphosate possibly owing to the transient capacity of AMPA

to be strongly sorbed through the phosphonate group which protects it against further

biodegradation [25]. This is in agreement with our results showing efficient degradation

of glyphosate into AMPA in the dissolved phase, as underscored by a higher AMPA to

glyphosate mass ratios at the outlet (i.e. 2.02 in 2009, and 1.06 in 2010) compared to that

found at the inlet (i.e. 0.24 in 2009, and 0.25 in 2010). AMPA also suffers from a lower

load removal compared to that of glyphosate. However, understanding factors influencing

the degradation of glyphosate into AMPA in biogeochemical dynamic environments such

as wetlands requires further investigation.

4.3 Removal of hydrophobic pesticides by the wetland

Several studies have shown that the removal of hydrophobic chemicals with LogKow

values 43 in aquatic environments is due mainly to the sedimentation of pesticide-laden

solids [11,34–36]. Hence, cyprodinil, isoxaben, kresoxim methyl, tetraconazole and

terbuthylazine (LogKow4 3) can efficiently be trapped in the wetland. Higher plant

density in 2010 likely slowed water flows and allowed for particle settling to occur, as

indicated by larger TSS removal in 2010 compared to that in 2009. Although aqueous

photolysis of isoxaben cannot be excluded (DT50¼ 6 days at pH¼ 7), fast degradation of

hydrophobic compounds in the wetland is not expected to happen owing to reduced

bioavailability. Larger output load of DOC compared to input indicates that pesticide

removal in 2009 cannot be attributed to the retention of the DOC-bound fraction in the

wetland. This suggests that a large fraction of hydrophobic pesticides passed through the

stormwater wetland in association with DOC in 2009. For example, Delgado-Moreno

et al. [37] showed that DOC (38� 2mgLÿ1) increases the distribution of pyrethroids from

the sediment to the solution phase and plays an important role in mobilizing pyrethroids

in runoff and surface streams. Since hydrological and hydrochemical conditions were

similar in 2009 and 2010, the higher retention rate of particles by the wetland calculated

in 2010 can be attributed mainly to the larger vegetation cover [38]. However, under higher

flow regime than that observed in the present study, transport of pesticides-laden sediment

through the wetland may decrease the removal of hydrophobic pesticides by affecting the

degree of bottom scouring and re-suspension of settled solids [14]. Under such conditions,

direct transport of runoff particles and re-suspension of particles from the wetland bed to

the water column may increase when the vegetation cover is less dense, resulting in a lower

removal rate of pesticides associated with TSS and DOC.

4.4 Inter-annual variation of pesticide removal by the wetland

Although inter-annual variations of climatic and flow conditions were not significant,

reduction in mean concentrations and load removal rates by the wetland globally were

larger in 2010 compared to those in 2009. Therefore, these inter-annual changes in
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pesticide removal by the wetland seemed to be related to inter-annual differences in the

vegetation cover observed in the wetland forebay. In 2009, the vegetation covered less than

1% of the forebay area in April and vegetation cover was 25% in June. In contrast, the

vegetation cover was 100% from April to June 2010.

For compounds with a LogKow ranging between 1 and 3 (which are still considered to

be able to move through the lipid layer of plants) plant uptake cannot be excluded [39].

Plants found in the wetland such as cattail or common reed have a large internal pore

space and potential surface area allowing moderate to highly hydrophobic pesticides such

as cyprodinil, isoxaben, terbuthylazine and tetraconazole (with LogKow4 3) to rapidly

absorb [40]. Another study showed that metalaxyl and simazine could be taken up by

bulrush (Typha latifolia) and accumulated in their leaves after 3 and 1 day, respectively

[41]. Rogers et al. [40] have shown that sorption of chlorpyrifos (LogKow¼ 4.96) to plant

stems was more than 10 times higher than to sediments and reached a pseudo-equilibrium

in less than 8 hours. They also indicated that partitioning coefficients were increasing as

the perimeter of the plant stem and pore space also increased. It can thus be inferred that

surface sorption to aquatic vegetation of the stormwater wetland likely increased the

residence time of hydrophobic compounds. However, owing to large spatial and temporal

variations in the vegetal biomass and type in our wetland, the specific contribution

of vegetation and vegetal material in removing pesticides could not be quantified in the

present study.

Inter-annual variation of the vegetation cover and the extent of water level fluctuation

during and after a runoff event also can affect volatilization and photolysis of pesticides by

changing the exposure of plant material to ambient air and direct sunlight. For instance,

larger vegetation cover in the wetland in 2010 can reduce photocatalytic reactions in the

water column, which may explain the lower simazine removal in 2010 compared to 2009.

However, owing to larger airflow and surface exposure, pesticide volatilization from the

surface of plants has been reported to be higher than that of the surface of soil

for pesticides with a Henry constant (Kh)4 2.65� 10–5 [42,43]. Volatilization from

air-exposed plant surfaces following a runoff event may explain the large load removal of

compounds such as terbutylazine, tetraconazole, and cyprodinil (Kh4 3.0� 10–4, see

Table 1 for the Henry constant values). Larger load removal of isoxaben (Kh¼ 1.96� 10–4)

in 2010 compared to that in 2009 can be attributed to volatilization combined with

photodegradation. Volatilization and photodegradation are expected to simultaneously

occur owing to direct contact of light and air with the surface of plant material when water

level gradually decreased in the wetland after a runoff event. Though volatilization can be

an effective removal pathway for relatively volatile pesticides in wetlands, pesticides

can be transported over long distances in the atmosphere, and further contaminate

terrestrial or aquatic ecosystems via deposition after a rainfall.

Hence, degradation, sorption and volatilization might have been involved simulta-

neously or alternatively in the removal of pesticides in the stormwater wetland. The

occurrence and the respective contribution of these processes are mainly dependent on

hydrological conditions (i.e. runoff volumes and quiescent periods between runoff events),

climatic conditions (i.e. temperature and solar radiation) and vegetation characteristics.

Entering of runoff water in the wetland followed by submersion of plant surfaces

and, when water level decreases, air and sun exposure and degradation of remaining

compounds sorbed to plant material and sediments, is a cyclic process that may help

reducing the transfer of pesticide mixtures into downstream aquatic ecosystems. However,

the behaviour of stormwater wetlands receiving pesticides during high flow conditions

14 E. Maillard et al.
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or floods and the role of wetland vegetation in the removal of pesticides deserves further

investigations.

5. Conclusion

This study was designed to determine the ability of a stormwater wetland to reduce

pesticide mixtures in runoff during periods of pesticide application on a vineyard

catchment. Quantitative field study on the dissolved pesticide load often fail to evaluate

the potential of best management practices (BMP) for the mitigation of mixtures of runoff-

related pesticides and very rarely consider the temporal variability in contaminant

removal. Our results provide detailed dissolved concentrations and loads of pesticide

mixtures and show that stormwater wetlands that primarily serve for flood protection can

also be effective tools for reducing concentrations and removing loads of a wide range of

runoff-related pesticides and some of their degradation products into downstream aquatic

ecosystems. Calculation of the mass loadings permits to determine more accurately than

mean pesticide concentrations the efficiency of buffering systems in removing pesticides

during critical periods of application. The wetland vegetation, by increasing the hydraulic

residence time and thus the possibility of microbial degradation, sorption to sediments and

uptake by wetland macrophytes, has a pivotal role in retaining moderately hydrophobic

compounds. Although the use of stormwater wetlands as a management practice targeting

pesticide mitigation should not be conceived as a unique solution to treat pesticide runoff,

in many cases where other best management practices are not available, the introduction

and maintenance of a large vegetation cover in stormwater detention systems can help

reducing the transfer of contaminants from land into water bodies.
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Abstract Agricultural land use may influence macroin-

vertebrate communities by way of pesticide contamination

associated with agricultural runoff. However, information

about the relation between runoff-related pesticides and

communities of benthic macroinvertebrates in stormwater

wetland that receive agricultural runoff does not currently

exist. Here we show changes in macroinvertebrates com-

munities of a stormwater wetland that collects pesticide-

contaminated runoff from a vineyard catchment. Sixteen

runoff-associated pesticides, including the insecticide

flufenoxuron, were continuously quantified at the inlet of

the stormwater wetland from April to September (period of

pesticide application). In parallel, benthic macroinverte-

brate communities, pesticide concentrations, and physico-

chemical parameters in the wetland were assessed twice a

month. Twenty-eight contaminated runoffs ranging from

1.1 to 114 m3 entered the wetland during the study period.

Flufenoxuron concentrations in runoff-suspended solids

ranged from 1.5 to 18.5 lg kg-1 and reached 6 lg kg-1 in

the wetland sediments. However, flufenoxuron could not be

detected in water. The density, diversity, and abundance of

macroinvertebrates largely varied over time. Redundancy

and formal concept analyses showed that concentrations

of flufenoxuron, vegetation cover, and flow conditions

significantly determine the community structures of

stormwater wetland macroinvertebrates. This study shows

that flow conditions, vegetation cover, and runoff-related

pesticides jointly affect communities of benthic macroin-

vertebrates in stormwater wetlands.

Runoff represents a prevailing process of mobilization and

transfer of pesticides from agricultural land into aquatic

ecosystems (Liess and Schulz 1999; Schriever and Liess

2007). Agricultural surface runoff can transport large

amounts of pesticides and cause, in receiving ecosystems,

adverse ecotoxicological effects on nontarget organisms,

such as macroinvertebrates (Liess and Schulz 1999; Liess

and von der Ohe 2005; Thiere and Schulz 2004). In par-

ticular, sediments in ecosystems receiving contaminated

runoff can be a sink for pesticides associated with sus-

pended solids (Fiedler and Rösler 1993). However, the

relation between pesticides in agricultural runoff and the

seasonal dynamics of benthic macroinvertebrate commu-

nities has rarely been assessed in the field (Jergentz et al.

2004; Liess and Schulz 1999; Thiere and Schulz 2004).

Stormwater wetlands are engineered worldwide with the

primary objective to collect and temporarily store runoff

(Gregoire et al. 2009). Stormwater wetlands can be

hydrologically connected to an upstream agricultural

catchment and receive runoff-related pesticides (Maillard

et al. 2011). Previous studies have shown the effect on

freshwater macroinvertebrate communities of habitat

degradation (Stepenuck et al. 2008), organic pollution

(Neumann et al. 2002; Whitehurst 1991) and flow condi-

tions (Gallardo et al. 2008). Various studies have attempted

to relate transient insecticide peaks from agricultural runoff

with changes of the macroinvertebrate communities in

rural streams or rivers (Berenzen et al. 2005; Thiere and

Schulz 2004). However, the effect of mixtures of
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herbicides, fungicides, and insecticides on macroinverte-

brates has rarely been investigated in wetlands receiving

contaminated runoff (Liess and von der Ohe 2005). Pesti-

cides have been reported to affect wetland macroinverte-

brates at various levels of their biological organization

(Berenzen et al. 2005; Probst et al. 2005). Schulz et al.

(2002) evaluated the effect of azinphopmethyl, an orga-

nophosphate insecticide, on macroinvertebrate communi-

ties in a wetland system and reported shifts in the density of

several macroinvertebrate populations. However, the den-

sity, diversity, and dynamics of benthic macroinvertebrates

in stormwater wetlands that received agricultural runoff

has not been so far described nor related to environmental

variables, such as vegetation density, flow condition, and

concentrations of runoff-related pesticides.

Herbicides, fungicides, and insecticides are frequently

applied on Alsatian vineyards (France) from April to

August. Recent studies have reported that both timing of

pesticide application and rainfall-runoff characteristics

determines concentrations and loads of runoff-related pes-

ticides at the outlet of a representative vineyard catchment

(Gregoire et al. 2010; Maillard et al. 2011). These studies

also showed that the recently introduced insecticide flufe-

noxuron (Cascade; 1-[-4(2-chloro-a-a-a-trifluoro-p-tolyl-

oxyl)-2-fluorophenyl]-3-(2,6-difluorobenzoyl) urea is a

major compound applied on the catchment. Flufenoxuron is

a benzoylurea pesticide that acts as an insect-growth regu-

lator and chitin-synthesis inhibitor to control immature

stages of insects and phytophagous mites on fruits and

vegetables (Mommaerts et al. 2006). Although flufenoxuron

has not been detected in runoff water, it is suspected to be

mainly associated with suspended solids in runoff. Hence,

flufenoxuron may contaminate sediments in aquatic eco-

systems, such as stormwater wetlands that receive con-

taminated runoff, and affect nontarget organisms, such as

macroinvertebrates.

The aim of the present study was to assess, during an entire

period of pesticide application (April to September 2009), the

communities of benthic macroinvertebrates in a stormwater

wetland that receives contaminated runoff from a vineyard

catchment area. We hypothesised that macroinvertebrates are

mostly affected by runoff-related pesticides, in particular the

insecticide flufenoxuron, rather than byflowconditions,water

chemistry, and vegetation in the wetland. Redundancy anal-

ysis was used to evaluate the relation between changes in the

macroinvertebrate communities and characteristics of the

stormwater wetland (i.e., flow conditions, water chemistry,

vegetation, and pesticide concentrations in both water and

sediments). In addition, the data were explored using formal

concept analysis (Galois lattices) to retrieve sets of environ-

mental characteristics associated with specific groups of

macroinvertebrates, which were then interpreted with respect

to the functioning of the stormwater wetland.

Material and methods

Study Area and Pesticide Application

The present study was performed between April and Sep-

tember 2009 at a stormwater wetland located at the outlet of a

42.7-ha vineyard catchment in Rouffach (Alsace, France;

47°5709 N, 07°1703 E). The characteristics of the catchment

area and agricultural practices have been previously described

(Gregoire et al. 2010). Briefly, application of pesticides

mainly proceeds from middle of April (bud-breaking of

grapevine) until the end of September (harvesting). Nine

fungicides, 6 herbicides, 1 insecticide (i.e., flufenoxuron), and

4 degradation products (N-(3.4-dichlorophenyl)-N-(methyl)-

urea (DCPMU), N-(3.4 dichlorophenyl)-urea [DCPU] and

3.4-dichloroaniline, which are degradation products of diu-

ron, and aminomethylphosphonic acid [AMPA], a degrada-

tion product of glyphosate) were selected for the present study

because of their widespread use as well as high frequency of

application and detection as shown in previous studies

(Gregoire et al. 2010; Maillard et al. 2011). The studied

compounds belong to 12 different chemical groups listed in

the Table 1. Rainfall-runoff events do not generate perma-

nent stream in the catchment and statistically occur every

week. The mean annual precipitation is 609 ± 121 mm

(period from 1998 to 2009). Runoff converges at the outlet of

the catchment where it is collected by a stormwater wetland

and represents the main route of pesticide entry into the

wetland.

Stormwater Wetland

The stormwater wetland has a surface area of 319 m2 and a

total volume of 1500 m3 and was constructed in 2002 to

control flood in the downstream urban area (Fig. 1). The

wetland is composed of a forebay (215 m2), which collects

suspended solids in runoff, and a 13 m long, 8 m wide, and

0.6 m deep gravel filter. Sediments are removed from the

forebay every 3 years and were removed on November

2008, 5 months before the beginning of the present study.

The average hydraulic retention time of the wetland was

10.8 ± 2.6 h during the investigation period. The water-

storage capacity of the sediment deposition zone was

40 m3. Water depth was homogeneous within the forebay

but varied from 0.05 to 0.5 m from April to September.

The granulometry of the wetland sediments was: clay 44%,

fine silt 33%, coarse silt 10%, fine sand 5%, and coarse

sand 8%. The chemical composition of the sediment was as

follows: organic carbon 14.8 %, SiO2 50%, Al2O3 9.5%,

MgO 2.2%, CaO 11.6%, Fe2O3 4.1%, MnO 0.1%, Na2O

0.7%, and K2O 2.5% (n = 5 [pH = 8.1]). A detailed sur-

vey of the vegetation in the stormwater wetland was per-

formed in June, and the results are listed in Supplemental
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Table 1 Mean concentrations and ranges of pesticides in inlet runoff in the water column and in sediments of the stormwater wetland (Rouffach, Haut-Rhin, France)

Compound Chemical group Type Log

Koc

(mg

L-1)

EC50/NOEC

(D. magna)e

(lg L-1)

Mode of action Spring (April 6 to June 15) Summer (June 15 to September 29)

Inlet runoff

(n = 10)a

(lg L-1)

Water column of

the wetland

(n = 20)a

(lg L-1)

Wetland

sediment

(n = 20) a

(lg kg-1)

Inlet runoff

(n = 18)a

(lg L-1)

Water column of

the wetland

(n = 20)a

(lg L-1)

Wetland

sediment

(n = 20) a

(lg kg-1)

Azoxystrobin Strobilurin Fungicide 482 230/44 Respiration inhibitor ND ND ND 0.02 (ND–0.12) 0.01 (ND–0.07) ND

Cymoxanil Cyanoacetamide

oxime

Fungicide 43.6 27000/67 Foliar with protective and

curative activity

0.13 (ND–0.90) 0.03 (ND–0.60) ND ND ND ND

Cyprodinil Anilinopyrimidine Fungicide 1706 33/8.8 Protein inhibitor ND ND ND 0.02 (ND–0.14) 0.01 (ND–0.04) \LOQ (ND–7.0)

Carbendazim Benzimidazole Fungicide 225 150/1.5 Inhibition of mitosis and cell

division

ND 0.01 (ND–0.11) ND ND 0.04 (ND–0.20) ND

Dimethomorph Morpholine Fungicide 348 [10600/5 Lipid synthesis inhibitor. 0.03 (ND–0.18) ND ND 2.22 (ND–10.0) 1.62 (ND–5.80) ND

Diuron Phenylurea Herbicide 1067 5700/96 Photosynthesis inhibitor 0.16 (0.11–0.32) 0.04 (ND–0.08) \LOQ (ND–4.0) 0.02 (ND–0.16) 0.01 (ND–0.03) \LOQ (ND–4.0)

DCPU Unclassified Metabolite NA NA/NA NA ND ND ND ND ND ND

DCPMU Unclassified Metabolite NA NA/NA NA ND ND ND ND ND ND

3.4-dichloro-

aniline

Unclassified Metabolite 2.69 120/5 NA ND ND ND ND ND ND

Flufenoxuron Benzoylurea Insecticide 486092 0.043/ 0.07 Inhibitor of chitin

biosynthesis

ND ND 2.75 (ND–6.0) ND ND \LOQ (ND–3.0)

Gluphosinate Organophosphate Herbicide NA NA/NA Glutamine synthetase

inhibitor

0.85 (ND–6.30) 0.11 (ND–1.40) ND ND ND ND

Glyphosate Phosphonoglycine Herbicide 21699 40000/30000 Inhibition of lycopene

cyclase

4.13 (0.30–11.0 0.10 (ND–0.40) \LOQ (ND–6.0) 5.95 (0.20–15.0) 1.61 (ND–3.90) ND

AMPA Unclassified Metabolite 8027 40000/NA NA 1.37 (0.20–2.30) 0.08 (ND–0.30) ND 2.53 (ND–21.0) 2.05 (ND–4.80) ND

Isoxaben Benzamide Herbicide 354 [1300/690 Disrupts root and stem

development in

germinating seeds

0.11 (ND–0.23) 0.02 (ND–0.10) ND 0.01 (ND–0.08) ND ND

Kresoxim

methyl

Strobilurin Fungicide 308 186/32 Block electron transfer and

respiration of the fungi

0.01 (ND–0.05) 0.02 (ND–0.10) ND 0.02 (ND–0.40) ND ND

Metalaxyl Phenylamide Fungicide 500 28000/NA Suppress sporangial

formation, mycelial growth

1.43 (ND–5.80) 0.21 (ND–0.64) ND 0.05 (ND–0.35) ND ND

Pyrimethanil Anilinopyrimidine Fungicide 301 2900/940 ND ND 0.02 (ND–0.08) 0.01 (ND–0.06) ND

Simazine Triazine Herbicide 130 1100/2500 Inhibits photosynthesis

(photosystem II)

0.08 (0.04–0.18) ND \0.02 (ND–0.02) ND ND

Terbuthylazine Triazine Herbicide 231 21200/19 NA 0.06 (0.06–0.07) ND \0.02 (ND–0.04) ND ND

Tetraconazole Triazole Fungicide 1152 3000/190 NA 0.02 (ND–0.09) 0.01 (ND–0.07) 0.01 (ND–0.07) ND \LOQ (ND–2.0)

Degradation products are indicated in italics

ND not detected, NA not available,\LOQ lower than the detection limit, EC50 half maximal effective concentration, NOEC no observed effect concentration

a Mean and range values are given integrating
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Table S1. Vegetation cover in the sediment-deposition

zone was estimated as the vegetated cover in the forebay

relative to the total surface. The vegetation cover mainly

was formed of Phragmites australis, Schoenoplectus

lacustris, and Typha latifolia. The vegetation cover repre-

sented\1% of the area in April, 5% in May, 25% in June,

60% in July, 70% in August, and 85% in September.

P. australis ranged between 70 and 80% of the total veg-

etation cover throughout the investigation period.

Sampling Procedure and Identification

of Macroinvertebrates

Water samples for hydrochemical and pesticide analyses

were collected at the inlet and in the sediment-deposition

zone of the wetland from April 6 through September 29,

2009. Runoff discharges were continuously monitored by

water-depth measurements using bubbler flow modules

(Hydrologic; Sainte-Foy, Québec, Canada) combined to a

Venturi channel. Water samples were collected every 6 m3

at the inlet of the wetland using a 6712FR ISCO Teledyne

automatic sampler (ISCO, Lincoln, NE, USA). Water

samples (100 mL) were collected in jars and were stored in

the dark at 4°C. The water samples systematically were

collected after each runoff event and placed on ice during

transportation to the laboratory. For the detailed procedure

of water sampling, refer to Domange and Gregoire (2006)

and Gregoire et al. (2010). Data regarding gross-solids

sampling, handling, and analysis in runoff water have been

limited and often inconsistent. In this study, suspended

solids were obtained from continuously operating samplers

consisting of 2-mm and 50-lm sieves intercepting runoff

and installed in series at the inlet of the wetland. The

samplers were emptied twice a month.

Ten sampling campaigns were performed on April 21,

May 5, May 19, June 2, June 15, June 30, July 20, August 6,

August 19, and September 29, 2009. At each sampling

campaign, four replicate samples of macroinvertebrates,

water, and sediment were taken from the forebay. Grid-cell

sampling was performed by dividing the forebay area in

four equal rectangular cells (9 9 6 m), and samples were

collected at the centre of each cell (Fig. 1). Benthic macr-

oinvertebrates were collected between the plants using a

Surber-type net (area 400 cm2, mesh size 250 lm). Macr-

oinvertebrate samples were preserved in the field in 10%

formaldehyde. Macroinvertebrates were sorted in plastic

tubs, preserved in 70% ethanol, and identified at the order

level. Chironomidae and Oligochatea, which were the most

represented orders, were mounted between slides. Chiro-

nomidae were cleared with Amann’s lactophenol, and Oli-

gochaetea were covered with Canada balsam (Carl Roth,

Karlsruhe, Germany). Chironomidae and Oligochaetea

were identified at the genus level using a stereomicroscope.

Coinciding with the sampling of macroinvertebrates, four

replicate grab samples of water (collected at 0- to 10-cm

depth from the water surface) and surface sediment (col-

lected from 0- to 5-cm depth from the sediment surface)

also were taken for pesticide and chemical measurements.

Dissolved oxygen, pH, conductivity, redox potential, and

temperature in water were directly measured in the field

using WTWMulti 350i portable sensors (WTW, Weilheim,

Germany). Water samples were dispensed in parallel into

100-mL glass-and-plastic vials (headspace-free) for pesti-

cide analysis. Plastic vials were used to limit sorption of

glyphosate and aminomethylphosphonic acid from the

pesticide extraction solutions (i.e., methanol) onto glass-

ware surfaces (Giannopolitis and Kati 2008). One litre of

pre-acid washed (10% HCl, distilled water-rinsed) high-

density polyethylene bottles for hydrochemical analysis.

Water and sediment samples were placed on ice and

transported directly to the laboratory for chemical analysis.

Pesticide and chemical analysis of water samples was per-

formed within 24 h of collection. Sediment samples were

kept at -20°C until chemical analysis, which occurred

within 1 month of collection.

Hydrochemical and Pesticide Analysis

Twenty-one hydrochemical parameters (total suspended

solids [TSS], total volatile suspended solids, total inorganic

Inlet Outlet

18 m 8 m

Gravel 

filter
Forebay

26 m

18 m

Flow direction

1 m

0.7 m

Fig. 1 Schematic of the storm

water wetland (Rouffach,

Alsace, France). The four

invertebrate, water, and

sediment sampling locations in

the sediment-deposition zone of

the wetland forebay are

indicated by black circles. Black

arrows indicate water direction

within the wetland
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carbon, dissolved inorganic carbon, nonpurgeable organic

carbon [NPOC], dissolved organic carbon, total Kjeldahl

nitrogen [TKN], PO4
2-, Ptot, NO3

-, NO2
-, NH4

?, Mn2?,

Fe2?, Fetot, SO4
2-, Mg2?, Ca2?, Na?, Cl-, and K?) were

determined by ISO standards (French) and laboratory

procedures. Pesticide analysis was performed according to

the NF XPT 90-210 French standards at the Pasteur Insti-

tute of Lille (France), which is a service of pesticide resi-

dues analysis accredited by the French National

Accreditation Authority (COFRAC). The COFRAC cali-

bration certificate is recognized by other European cali-

bration services (European Cooperation for Accreditation).

Briefly, water samples were filtered through 1-lm glass-

fiber filters before analyzing the subsequent extracts. The

16 pesticides (azoxystrobin, cymoxanil, cyprodinil, carb-

endazim, dimethomorph, diuron, flufenoxuron, gluphosi-

nate, glyphosate, isoxaben, kresoxim methyl, metalaxyl,

pyrimethanil, simazine, terbuthylazine, tetraconazol) and

the 4 degradation products (DCPU, DCPMU, 3.4-dichlo-

roaniline, and AMPA) were quantified using liquid

chromatography coupled to tandem mass spectrometry

(LC-MS-MS). Quantification of glyphosate, AMPA, and

gluphosinate was performed after derivatization with flu-

orenemethoxycarbonyle. Limits of pesticide quantification

in water samples ranged from 0.02 to 0.1 lg L-1 (refer to

Supplemental Table S2 for detailed detection and quanti-

fication limits of pesticides). Pesticide residues in sediment

samples were extracted by ultrasonic extraction with

methanol followed by LC-MS-MS measurements. Limits

of quantification ranged from 2 to 10 lg kg-1. Extraction

efficiencies of pesticides from water and sediment samples

were estimated for each sample set by spiking with sur-

rogates. Surrogate recovery for water samples ranged from

70 to 89% and those of sediment from 68 to 85% (refer to

Supplemental Table S2). Further quality control was

achieved by using a blank for each set of samples.

Data Analysis

Pesticide loads at the inlet of the wetland that correspond to

a single runoff event were obtained by multiplying mean

pesticide concentrations by the corresponding runoff vol-

ume. Loads at the inlet of the wetland were calculated from

the integral sum of all event loads between two sampling

campaigns. The diversity of macroinvertebrates for each

sampling campaign was estimated using the Shannon index

(H0) (Shannon and Weaver 1949). Ordination methods were

performed using R software (R Development Core Team

2010, version 2.12.1). Before statistical analysis, data of

macroinvertebrate abundances were transformed with the

Hellinger transformation to satisfy the assumption of the

statistical tests and avoid numerical hindrance associated

with long gradients (Legendre and Gallagher 2001). First, a

hierarchical cluster analysis was performed on the macro-

invertebrate matrix using the method of Ward’s minimum

variance. The optimal number of clusters was then deter-

mined using the criterion of average silhouette of the data

(Rousseauw 1987). Second, redundancy analysis (RDA)

was used to test and quantify the relative importance of

environmental variables on the variation of structure of

benthic macroinvertebrate. Tested variables were pesticide

concentrations in water and sediments, pesticide loads

entering the wetland between two sampling campaigns,

hydrochemical variables, runoff volumes entering the wet-

land between two sampling campaigns, time between two

runoff events, and vegetation cover of the wetland. Taxa

representing\5% of the total individuals present through-

out the investigation period (i.e., Erpobdella sp., Aulodrilus

sp., Clirellio sp., Haplotaxis sp., Moldaviensis sp.,

Enchytraeidae sp., Camptocladius sp., Omisus sp., Parac-

ricotopus sp., Polypedilum sp., Tanypus sp., Virgotanytar-

sus sp., Psychodidae sp., Boyeria sp., Ischnura sp., Radix

sp., and Stagnicola sp.) were discarded from the statistical

analysis to avoid inadequate estimates of the site positions

in the plot. Only environmental variables with a signifi-

cance level p\ 0.001 were considered significant and were

included in the final model. The significance of the con-

strained ordination process was tested with the Monte Carlo

permutation test (1000 permutations).

To complement the redundancy analysis, a formal con-

cept analysis (Barbut and Monjardet 1970; Davey and

Priesley 1990; Ganter and Wille 1999) was performed to

extract sets of environmental variables that explain varia-

tions in the macroinvertebrate community structures.

Detailed information on the principle and use of formal

concept analysis is listed in the Supplementary Informa-

tion. The formal concept analysis previously was used to

cluster objects and attributes from binary data sets and to

analyze the relation between clusters of objects and attri-

butes (Bertaux et al. 2009; Messai et al. 2005). In the

present study, the original data were discretized before the

formal concept analysis. The most significant variables

retained in the final redundancy model (i.e., concentrations

of metalaxyl in water and of flufenoxuron in the wetland

sediment, vegetation cover, duration of the time between

events, rainfall volume) were selected for the formal con-

cept analysis. The values were converted into quartiles

(with the first quartile representing the lowest values), and

quartiles with the same value were merged. The resulting

data were then transformed into a disjunctive binary table.

A Galois lattice was built from this table using Conexp

software. The lattice contained 96 concepts, i.e., couples

gathering one set of environmental data values and one set

of macroinvertebrates communities from which 17 key

concepts explaining the temporal variation of macroin-

vertebrates assemblages were retrieved.
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Results

Hydrological and Hydrochemical Conditions

Hydrological and hydrochemical characteristics of the

stormwater wetlands are listed in Table 2. The analysis of

both hydrological and hydrochemical data consistently

showed that conditions in the wetland largely differed

during the investigation period, in particular between

spring (April 01 to June 15) and summer (June 15 to

September 29). The minimal threshold for considering a

runoff event in the present study was 1 m3. Twenty-eight

rainfall-runoff events ranging from 1.1 to 114 m3 occurred

during the investigation period, generating a total runoff

volume of 730 m3. From April 1 to June 15, the mean

runoff volume was 16.5 ± 9.5 m3, whereas it was

31.4 ± 31.9 m3 from June 15 to September 29, indicating

larger and more variable inflows in summer compared with

spring. Mean water temperature and pH value across all

sampling points in the wetland and campaigns were

19.0 ± 4.3°C and 7.6 ± 0.3°C, respectively. In spring,

oxic conditions prevailed in the wetland, as inferred from

the mean values of redox potential[50 mV, concentrations

of ferrous iron\1 mg L-1, and concentrations of dissolved

Table 2 Hydrological

characteristics and water

chemistry of the stormwater

wetland (Rouffach, Alsace,

France)

a Mean and range values are

given integrating during the

corresponding season

Parameter Spring (April 06

to June 15)

(n = 26)a

Summer (June 15

to September 29)

(n = 24)a

Inlet runoff volume (m3) 16.5 (7.0–30.2) 31.4 (1.1–114)

No. of runoff events 10 18

Quiescent period (days)

(between 2 runoff events)

5.1 ± 7.3 5.2 ± 5.7

Inlet flow rate (m3 h-1) 2.1 ± 2.7 12.2 ± 11.8

Outlet flow rate (m3 h-1) 0.3 ± 0.8 0.2 ± 1.0

Total load of dissolved pesticides

entering the wetland (g)

1.219 6.819

Vegetation cover (%) 15 (0–50) 70 (50–90)

Temperature (°C) 21.4 (15.5–26.5) 23.3 (18.6–28.9)

Redox potential (mV) 204 (44–297) –81 (–228–188)

Dissolved oxygen (mg L-1) 9.2 (2.9–13.8) 3.7 (0.2–8.8)

Electric conductivity (lS cm-1) 908 (117–1036) 376 (269–522)

pH (–) 7.8 (7.5–8.1) 7.5 (7.0–8.0)

Total suspended solids (mg L-1) 20.7 (4.8–59.8) 43.0 (3.2–266)

Total volatile suspended solids (mg L-1) 6.9 (0.8–29.2) 19.2 (0.4–116)

NPOC (mg L-1) 19.8 (13.3–65.6) 13.7 (6.7–34.9)

Total inorganic carbon (mg L-1) 63.8 (55.6–68.2) 47.9 (29.5–92.2)

Dissolved inorganic carbon (mg L-1) 61.0 (45.2–67.7) 44.1 (25.3–71.4)

Dissolved organic carbon (mg L-1) 19.8 (13.5–62.5) 12.1 (7.2–27.4)

Orthophosphorus (mg L-1) 0.06 (0.06–0.06) 0.14 (0.01–0.30)

Total phosphorus (mg L-1) 0.40 (0.14–1.88) 0.74 (0.11–2.4)

Chloride (mg L-1) 30.9 (26.9–36.3) 2.2 (1.4–4.1)

TKN (mg L-1) 4.6 (1.1–11.6) 2.5 (1.0–5.4)

Nitrate (mg L-1) 8.8 (2.4–18.5) 2.8 (0.2–11.5)

Nitrite (mg L-1) 0.26 (0.11–0.75) 0.03 (n.d.–0.10)

Ammonium (mg L-1) 0.37 (0.10–0.97) 0.19 (0.01–1.4)

Total iron (mg L-1) 1.7 (1.1–2.3) 1.6 (0.12–5.4)

Iron(II) (mg L-1) 0.15 (0.02–0.35) 0.68 (0.15–6.0)

Manganese(II) (mg L-1) 0.24 (0.24–0.24) 0.72 (0.38–1.7)

Sulfate (mg L-1) 241 (159–325) 29 (5.1–63.6)

Sodium (mg L-1) 9.8 (5.0–14.6) 3.7 (0.94–9.1)

Potassium (mg L-1) 5.2 (2.8–14.6) 5.3 (1.1–9.4)

Calcium (mg L-1) 125 (96–164) 64.5 (46.2–85.9)

Magnesium (mg L-1) 35.2 (27.7–50.4) 12.4 (5.8–29.1)
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oxygen[2.9 mg L-1 in water from the sediment-deposi-

tion zone. In summer, lower concentrations of dissolved

oxygen and negative values of redox potential in the wet-

land indicated the prevalence of an anoxic milieu.

Dissolved and Particle-Associated Pesticides

in the Wetland

Measurements of pesticide concentrations and loads per-

formed during runoff and in the stormwater wetland are

presented in Table 1 and Figure 2. The total dissolved load

of pesticides that entered into the wetland in summer

(6.819 g, i.e., 85% of total dissolved load) was larger

compared with that in spring (1.219 g, i.e. 15% of the total

dissolved load) (Fig. 2b). The variation of pesticide load-

ings that entered the wetland reflects both the seasonal

change of runoff volumes (see Fig. 2a) and timing of

pesticide applications in the vineyard catchment (31% of

the total applications occurred in spring, and 69% occurred

in summer [data not shown]), in agreement with previous

studies on the catchment area (Gregoire et al. 2010). Pes-

ticide concentrations in water from the wetland were

smaller in spring compared with those measured in sum-

mer, although dissolved concentrations found in runoff

entering the wetland were similar in spring and summer

(Table 1). Dissolved concentrations of flufenoxuron were

systematically lower than the detection limit during the

investigation period. Patterns of pesticide concentrations

associated with suspended solids and the wetland sedi-

ments also differed between spring and summer (Fig. 2c).

Flufenoxuron, dimethomorph, and cyprodinil concentra-

tions associated with suspended solids at the inlet increased

over time and then decreased from July 20 onward. How-

ever, mean concentrations of pesticides and degradation

products in the wetland sediments, except for flufenoxuron,

were close to or lower than the detection limits. Concen-

trations of flufenoxuron in suspended solids ranged from

lower than the limit of quantitation (LOQ) to 15 lg kg-1 in

0

1

2

3
Others

Metalaxyl

Dimethomorphe

AMPA

Glyphosate

INSED INSED INSED INSED INSED INSED INSED INSED INSED INSED

Apr

21

May 

05

Apr

06

Sept 

29

May 

19

Jun 

02

Jun 

15

Jun 

30

Jul

20

Aug

06

Aug

19

Others
Metalaxyl

Kresoxim methyl
Diuron

Glyphosate

Cyprodinil

Tetraconazole

Flufenoxuron 

0

10

20

30

40

50

C
o

n
c

e
n

tr
a

ti
o

n
 [

µ
g

 k
g

-1
]

0

100

200

D
is

s
o

lv
e

d
lo

a
d

[g
]

R
u

n
o

ff
 v

o
lu

m
e

 [
m

3
]

A

B

C

SummerSpring

Apr

21

May 

05

Apr

06

Sept 

29

May 

19

Jun 

02

Jun 

30

Jul

20

Aug

06

Aug

19

Apr

21

May 

05

Sept 

29

May 

19

Jun 

02

Jun 

15

Jun 

30

Jul

20

Aug

06

Aug

19

Jun 

15

Dimethomorph

Fig. 2 Temporal changes of

pesticide inputs into the

stormwater wetland (Rouffach,

Alsace, France). a Runoff

volume entering in the storm

basin between two sampling

campaigns. b Loads of

dissolved pesticides in runoff

between two sampling

campaigns. c Mean

concentrations of pesticides

associated with inflowing

suspended solids (IN) and

wetland sediments (SED). Error

bars are ±1 SD

Arch Environ Contam Toxicol (2012) 62:29–41 35

123



spring and lower than LOQ to 16.75 lg kg-1 in summer,

whereas concentrations in wetland sediments ranged from

lower than LOQ to 3.50 lg kg-1 in spring and lower than

LOQ to 1.75 lg kg-1 in summer (Fig. 2c).

Abundance and Distribution of Macroinvertebrate Taxa

Changes of the abundance and distribution of macroin-

vertebrate taxa during the investigation period are sum-

marized in Fig. 3. In total, 40 different macroinvertebrate

taxa, representing 14,489 enumerated and identified indi-

viduals, were found in the stormwater wetland. Twenty-

five core taxa represented[5% of the total identified taxa.

The average number of individuals per m2 during the 10

sampling campaigns was 837 ± 343 (mean ± SDs; n =

40). The generic richness ranged from 12 (on September

29) to 23 (on April 21 and May 19) (Fig. 3a). Maximum

and minimum values of the Shannon diversity index were

observed on April 21 (H0 = 1.53 ± 0.25; n = 4) and on

June 15 (H0 = 0.6 ± 0.27; n = 4), respectively. Diptera

and Oligochaeta orders dominated throughout the investi-

gation period representing, respectively, 61.0 ± 15.5% and

33.8 ± 14.3% of the total abundance of macroinvertebrates

(Fig. 3b). The other orders were as follows: Nematoda

(2.6 ± 3.6%), Gastropoda (1.5 ± 1.0%), Ephemeroptera

(0.8 ± 1.0%), Coleoptera (0.2 ± 0.6%), Odonata (0.14 ±

0.3%), and Hirunidea (0.02 ± 0.05%). The genera Chir-

onomus and Tubifex dominated during the investigation
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period and represented 61.7 ± 32.9% and 58.0 ± 13.3%,

respectively, of the Diptera and Oligochaeta (Fig. 3c). The

abundance of macroinvertebrate was 404 ± 310 individu-

als/m2 (n = 4) at the beginning of the investigation period

(April 21), was maximal on June 02 (2063 ± 525 indi-

viduals/m2; n = 4), and then progressively decreased over

time (228 ± 98 individuals/m2 on September 29; n = 4)

(Fig. 3c). Changes in the abundance of Chironomus sp.

mainly contributed to the overall changes of the macroin-

vertebrate abundance. The orders Odonata, which are

mainly predators of macroinvertebrate larvae, and Ephe-

meroptera were found in the stormwater wetland from June

02 to September 29.

Dynamics of Macroinvertebrate Communities

RDA analysis allowed evaluation of the relation between

wetland macroinvertebrate assemblages, flow conditions,

water chemistry, and pesticides and showed distinctive

patterns (Fig. 4). The ordination triplot shows 7 macroin-

vertebrate taxa, 12 significant environmental variables

associated with changes in the macroinvertebrate

communities, and 4 replicate samples of benthic macroin-

vertebrate assemblages for each of the 10 sampling cam-

paigns. Symbols in the plot lying close together display

similar patterns of macroinvertebrate community. The

symbols mostly clustered according to sampling date, indi-

cating that macroinvertebrate communities changed during

time. The first two axes explain 51.7% of the total inertia and

clearly separate assemblages belonging to sampling cam-

paigns 1 (April 21) to 6 (June 30) from assemblages

belonging to sampling campaigns 7 (July 20) to 10 (Sep-

tember 29). The slight variability among the 4 replicate

samples collected during a sampling campaign results from

heterogeneity among and within habitats, indicating the

importance of habitat differences in terms of plant density

and structure (Sahuquillo et al. 2007). On the initial 57

environmental variables included in the RDA model, only

the 12 most significant variables (p\ 0.001) were retained

in the final model (i.e., flufenoxuron in sediments, metalaxyl

in water, rainfall volumes, vegetation cover, quiescent time

between two runoff events, Mn2?, Na?, Mg2?, electric

conductivity, Cl-, SO4
2-, and redox potential). The non-

selected variables were redundant or did not increase the

significance of the model. The twelve selected variables

explained 66.7% (p\ 0.005) of the total variance in macr-

oinvertebrate structures, whereas 33.3% remained unex-

plained. The model with solely metalaxyl in water and

flufenoxuron in sediments as constraining variables

explained 23.1% (p\ 0.001) of the total community

variance.

The hierarchical cluster analysis, combined with a

determination of the optimal number of clusters, allowed to

clearly separate three main clusters of macroinvertebrate

assemblages during the investigation period. In the first

cluster, assemblages from April 21 to May 5 were char-

acterized by Nerthus (Oligochaeta) and nematode taxa.

Macroinvertebrate assemblages were mainly associated

with larger values of redox potential and concentrations of

dissolved ions (Na?, Mg2?, Cl-, and SO4
2-). From May

19 to June 30, rainfall and runoff events and related pes-

ticide concentrations in both the dissolved and the solid

phases were larger (Figs. 2, 3). The genus Chironomus

(Diptera) was dominant in the communities. Greater con-

centrations of flufenoxuron and metalaxyl detected in the

wetland from May 5 to June 30 correlated with changes in

the macroinvertebrate assemblages. This change was

emphasized by the shift from the first to the second cluster

on the ordination triplot. The third cluster corresponded to

macroinvertebrate assemblages collected from July 20 to

September 29. During this period, changes of the macro-

invertebrate community structures correlated with larger

vegetation cover, lower pesticide concentrations, and

reducing conditions, as inferred from lower redox potential

values and larger Mn2? concentrations in the wetland. The
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genera Chaetogaster (Oligochaeta), Balcanicus (Epheme-

roptera), and Tubifex (Oligochaeta) were preponderant in

the communities.

Seventeen concepts were retrieved from the formal

concept analysis (Fig. 5). Each concept consists of a set of

sampling campaigns and their environmental characteris-

tics. For example, the concept ({Veg2, MET4, Flused4};

{4_3, 4_4, 5_2, 5_3, 5_4}) is read as follows: Veg2,

MET4, and Flused4 represent, respectively, the second

quartile of vegetal cover, the fourth quartile of metalaxyl,

and the fourth quartile of flufenoxuron values; 4_3, 4_4,

represents replicate macroinvertebrate samples collected in

the wetland during the fourth sampling campaign (June

02); and 5_2, 5_3, 5_4 replicates macroinvertebrate sam-

ples collected during the fifth sampling campaign (June

15). This concept indicates that theses particular macroin-

vertebrate assemblages are associated with an intermediate

vegetal cover and high concentrations of flufenoxuron and

metalaxyl. The formal concept analysis showed that the

three clusters of macroinvertebrate assemblages, which

were highlighted by the hierarchical cluster analysis, are

characterized by different sets of environmental data.

Cluster 1 (April 21 to May 5) is characterized by MET1,

Veg1, VolRain1, DayEvents4; cluster 2 (May 19 to June

30) is characterized mainly by MET4, Veg2, VolRain2 or

4; and cluster 3 (July 20 to September 29) is characterized

by MET1, Veg3 or 4, VolRain3 (Fig. 5).

Discussion

The aim of the present investigation was to evaluate, in a

stormwater wetland, changes of macroinvertebrate com-

munities in relation to runoff-related mixtures of pesticides,

water chemistry, vegetation cover, and hydrological con-

ditions. Although most studies focus on one target com-

pound or compounds belonging to the same chemical

group, we specifically evaluated the relation between dif-

ferent runoff-related pesticides, including the insecticide

flufenoxuron, and benthic macroinvertebrate communities

under field conditions and during an entire season of

pesticide application. However, it was not possible to find

an appropriate uncontaminated control site to specifically

address the effect of pesticides. Indeed, other stormwater

wetlands largely differed with respect to hydrological

parameters or characteristics of the agricultural catchment.

This renders comparison between stormwater wetlands

difficult. To the best of our knowledge, most regional

stormwater wetlands are hydrologically connected to

agricultural catchment and thus receive runoff-related

pesticides, with contamination patterns and regimes

depending on the characteristics of the catchment. There-

fore, we evaluated, within the same stormwater wetland,

temporal changes of macroinvertebrates with respect to

varying levels of runoff contamination. Because no pub-

lished data on macroinvertebrate in stormwater wetlands

exist so far, the results obtained in the present study only

could be compared with data obtained in wetland systems,

agricultural streams, or ponds that receive contaminated

runoff.

Pesticide-Related Runoff

In our experimental design, surface runoff from the vine-

yard catchment represents the main entry route of dissolved

and particle-associated pesticides in the studied stormwater

wetland. Larger rainfall-runoff events induced larger loads

of pesticide mixture entering into the stormwater wetland.

Among the 20 different pesticides and degradation products

examined in the present study, flufenoxuron and metalaxyl

were the only contaminants that significantly correlated

with changes in the macroinvertebrate community.

Generally, high concentrations of particle-associated

flufenoxuron entering the wetland were found in runoff

Fig. 5 Concepts extracted from the Galois lattice. The lattice was

built on the most significant environmental variables selected in the

RDA. Variables are denoted by a name and a number representing a

quartile, e.g., FluSed1 (flufenoxuron in sediment, first quartile),

DayEvents2 (quiescent period between two runoff events, second

quartile), VolRain3 (rainfall volume, third quartile), Met4 (metalaxyl

in water, fourth quartile), and Veg4 (vegetal cover, fourth quartile).

There are only two quartiles for metalaxyl: The first one represents

75% of the values (concentration was lower than the LOQ). Each

sampling is denoted by a number from 1 to 10. Each cell of the table,

which is to be read from bottom to top, represents a concept, e.g., the

cell in the bottom left corner represents the concept {Veg1, Met1}

prevailing in sampling campaigns 1 to 3. The cell on the previous one

represents the concept {Veg1, Met1, VolRain1}, which prevailed in

sampling campaigns 1 and 2
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entering the wetland. The largest flufenoxuron concentra-

tion reached 16.75 lg kg-1. Flufenoxuron concentrations

were on the same order of magnitude than those of other

insecticides, such as azinphos-methyl, chlorpyrifos, or

endosulfan, found in river suspended particles during run-

off (Jergentz et al. 2004; Thiere and Schulz 2004). Flufe-

noxuron was detected throughout the investigation period

in both runoff suspended particles and wetland sediments.

In contrast, concentrations of the other pesticides in wet-

land sediments were low, which indicates the absence of

pesticide accumulation in the wetland. High concentrations

and persistence of flufenoxuron in wetland sediments can

affect macroinvertebrate populations. Indeed, flufenoxuron is

extremely toxic to Daphnia magna (48-h EC50 0.04 lg L
-1)

(Pesticide Safety Directorate 1995) at concentrations lower

than the detection limit of flufenoxuron reached in the present

study (detection limit 0.1 lg L-1). Hence, flufenoxuron pos-

sibly was bioavailable and directly altered macroinvertebrate

communities, although it could not be detected in the water

column of the wetland. Moreover, flufenoxuron sorbed to the

wetland sediment may slowly degrade and progressively

release into the water column N-(2,6-dimethylphenyl)-N-

(methoxyacetyl)alanine, its degradation product, and/or other

unknown products. Nevertheless, N-(2,6-dimethylphenyl)-N-

(methoxyacetyl)alanine has been found to be much less toxic

to D. magna (48-h EC50 852 mg L-1) than flufenoxuron.

Dissolved metalaxyl concentrations in the wetland (up to

5.8 lg L-1) were four orders of magnitude lower than the

reported 48-h EC50 (28 mg L-1). Although redundancy

analysis showed that greater metalaxyl concentrations

between May 19 and June 15 correlated with changes in the

macroinvertebrate assemblages, it is unlikely that metalaxyl

affected the macroinvertebrates and directly caused those

changes.

Impact of Hydrology and Hydrochemistry

In addition to pesticides, hydrologic factors, such as runoff

frequency and flow characteristics, as well as hydrochemical

parameters, such as turbidity, also can influence the diversity

and structure of benthicmacroinvertebrate communities. For

instance, contaminated runoff events simultaneously can

generate chemical stress due to pesticides and hydrological

stress in the stormwater wetland. In the present study, the

cumulated discharge volume between two sampling cam-

paigns and the period between the last runoff event and the

sampling were used as indicators of hydrologic stress. Both

the redundancy and formal concept analyses emphasized that

hydrological conditions significantly determined changes in

macroinvertebrate communities. Hydrodynamic stress in

stormwater wetlands is intermittent and results in a sudden

increase of water flow and suspended particles during runoff

events. This stress partly can explain short-term changes in

macroinvertebrate abundance and diversity. In particular,

recurrent runoff events and high turbidity level may favor

species in stormwater wetland that have a high recovery

potential and/or a short generation time. Nevertheless, the

concentration of suspended solids during runoff (TSS ranged

from 3.2 to 266 mg L-1 during the investigation period)

could not be identified as a causal factor that significantly

influenced the abundance of benthic macroinvertebrates in

the stormwater wetland. In contrast, TSS values B173 mg

L-1 in the Murrumbidgee River have been shown to impact

negatively Ephemeroptera, Trichoptera, and Odonata,

whereas chironomid species remained unaffected (Hogg and

Norris 1991). A high level of turbidity in the stormwater

wetland only was observed during a runoff event and

occurred during a few hours. This may explains why no

response of turbidity-sensitive species could be observed in

the stormwater wetland.

Distribution of Macroinvertebrate Taxa and Analysis

of Community Dynamics

Chironomus sp. (Diptera), Tubifex sp. (Oligochaeta), Psec-

trotanypus sp. (Diptera), Chaetogaster sp. (Oligochaeta),

and Limnodrillus sp. (Oligochaeta) dominated the commu-

nities and mainly contributed to the community shifts that

occurred in the stormwater wetland. Within the Diptera, the

response to pollution depends on the genera. A relative

increase of some genera in a community typically occurs in

poorly functioning systems that collect anthropogenic inputs.

For instance, the genus Chironomus is known as a sensitive

indicator of various insecticide contaminations in water and

sediments (Ibrahim et al. 1998). Tubificid worms, including

the genera Tubifex and Limnodrillus, are widely distributed

freshwatermacroinvertebrates in Europe. Tubificidsmix and

process large volumes of sediments for feeding and are thus

exposed to sediment-associated contaminants. Tubifex and

several other oligochaete species have proven suitable for the

evaluation of acute and chronic toxicity, bioaccumulation, as

well as benthic in situ indicators (Chapman andWang 2001;

Smutna et al. 2008).

The redundancy analysis (Fig. 4) showed that metalaxyl

and flufenoxuron concentrations were significantly associ-

ated with the first shift of the community structures that

occurred between the second (May 5) and fifth (June 15)

sampling campaigns. However, flow conditions, hydro-

chemical parameters, and vegetation cover also were

associated with the observed changes. Hence, the occur-

rence of pesticides could not be identified as the main

factor of changes in the macroinvertebrate communities.

During this period, metalaxyl concentrations in runoff

increased from lower then LOQ to 5.8 lg L-1 and that of

flufenoxuron in the wetland sediments increased from

lower then LOQ to 6.0 lg kg-1. The formal concept
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analysis underscored also that macroinvertebrate assem-

blages during this period were associated with intermediate

vegetation cover and high pesticide concentrations. These

changes corresponded to a decrease in generic richness and

diversity, as inferred from the Shannon index. In addition, a

decrease in the relative abundance of sensitive taxa after

pesticide runoff was observed, which suggests that change

in the macroinvertebrate community partly was induced by

pesticides in runoff. The previsible non-effect concentra-

tion of flufenoxuron is 0.591 lg a.s. kgwet sediment
-1 (Direc-

tive 98/8/EC). The average flufenoxuron concentrations

observed in the wetland sediments were greater than this

indicative value, which underscores a possible effect of

flufenoxuron on macroinvertebrate communities during the

investigation period. Nevertheless, the effects observed for

some taxa simply may reflect the effect on an individual

pesticide. In contrast, for other taxa the simultaneous

occurrence of several pesticides may cause a larger impact

than each individual pesticide. In the latter scenario, the

design employed here cannot determine whether these

larger impacts were due to additive or synergistic effects

among runoff-related pesticides.

The second shift in macroinvertebrate community

structures was observed between June 15 and August 6.

This shift corresponded to large rainfall-runoff events and

pesticide loads (Fig. 2). Formal concept analysis clearly

indicates that macroinvertebrate assemblages during this

period were associated with low concentrations of metal-

axyl and large rainfall volumes. Correspondingly, the

vegetation cover was larger and the outlet flow rate lower

in summer. This indicates that vegetation cover decreased

the flow rate in the wetland and thus the hydrological

stress. Larger vegetation cover, lower flow rates, and low

pesticide concentrations might have largely contributed in

structuring macroinvertebrate communities in the storm-

water wetland during this period. This is in agreement with

previous studies showing that colonization of macroinver-

tebrate communities is structured by wetland vegetation

(de Szalay and Resh 2000). However, this second com-

munity shift also may be explained by a delayed response

and thus reflect the maximum effect of flufenoxuron-con-

taminated runoff several weeks after they were first

detected in the stormwater wetland. Latency in the

observed effects can be explained by the inhibition of

chitin synthesis by flufenoxuron, which affects arthropod

molting and metamorphosis (Mommaerts et al. 2006).

In addition, TU (Toxic Unit)[ 0.001 (calculated for the

pesticide mixture using the EC50 as toxicological end point)

also can be used as a risk threshold for aquatic invertebrates,

as indicated by the European Guidance Document on Risk

Assessment (i.e., 1000 is the currently applied application

factor for aquatic invertebrates). This information can be

related to the observed community shifts. The validity of

these thresholds has been reported in previous studies (Liess

and Von der Ohe 2005; Schafer et al. 2007). TU values for

aquatic invertebrates based on pesticide concentrations in

the water column of the stormwater wetland were maximal

onMay 5 (TU = 0.009) and also exceeded the risk threshold

on June 30 (TU = 0.002) and July 20 (TU = 0.002). TU

values were\0.001 on the other sampling dates. Hence, TU

values larger than the risk threshold correlate with observed

shifts in the macroinvertebrate communities of the storm-

water wetland.

Nevertheless, natural temporal variability within macro-

invertebrate communities in wetland may also contribute

masking the effect of ecological changes after disturbances.

This may limit usefulness of wetland invertebrate as eco-

logical indicators of hydrological and chemical disturbance

in wetlands (Miller et al. 2008). Within-year changes of

macroinvertebrate communities certainly obscure infor-

mative patterns from community associations with envi-

ronmental gradients. In the present study, the collection of

macroinvertebrate samples every 2 weeks and a thorough

and simultaneous characterization of key environmental

variables enabled relation of observed patterns to some

environmental variables. Better understanding of temporal

changes in macroinvertebrate community structure and

composition is required for future invertebrate-based

monitoring in systems, such as stormwater wetlands.

In conclusion, the present study described the dynamics

of macroinvertebrates at the community and genus levels in

a stormwater wetland that collected pesticide-contaminated

runoff. The study was conducted during an entire period of

pesticide application (April to September). Our results also

emphasize that the combination of RDA with formal con-

cept analysis is a powerful tool to help interpret the

response of the community to environmental variables in

field-based studies. The RDA enabled evaluation of the

relations between macroinvertebrate assemblages and

environmental conditions while identifying the most rele-

vant environmental variables. Formal concept analysis

identified precise associations between the most significant

variables and macroinvertebrate communities, thus com-

plementing the results provided by RDA. Overall, this

study is the first to link changes of the macroinvertebrate

community structure with hydrological and hydrochemical

characteristics in a stormwater wetland connected to an

agricultural catchment. It notably indicates that runoff

contaminated with the insecticide fluflenoxuron is a sig-

nificant factor that can affect macroinvertebrate commu-

nities. Nevertheless, flow conditions and vegetation also

were associated with changes in macroinvertebrate com-

munities. These results argue for more research to address

the impact of pesticide mixtures on aquatic communities in

general and on macroinvertebrates in environment receiv-

ing runoff-related pesticides in particular.
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